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DEVELOPMENT OF AN URBAN-RURAL ECOSYSTEM MODEL 
CHAPTER I  
INTRODUCTION
In  the  p a s t  few y e a rs ,  mankind has become in c re a s in g ly  aware o f  
th e  f a c t  t h a t  he is  an in te g r a l  p a r t  o f  a complex ecosystem. This eco­
system includes  a i r ,  w a te r ,  p la n t  and animal l i f e ,  and the environment 
t h a t  surrounds man. One of the most important th ings  th a t  he has learned  
i s  the  f a c t  t h a t  h i s  a c t i v i t i e s  can s ig n i f i c a n t l y  modify the n a tu r a l  
environment. This m o d if ic a t io n  of na tu re  has a profound e f f e c t  upon man 
as  w ell  as upon the p la n t  and animal l i f e  around him. This f a c t  i s  i l l u s ­
t r a t e d  by re c e n t  s c i e n t i f i c  s tu d ie s  th a t  show the d e tr im e n ta l  e f f e c t s  
o f  a i r  and water p o l lu t io n  on many l i f e  forms. The harmful e f f e c t  of 
a i r  p o l lu t io n  on man has been d ram a tic a l ly  demonstrated in  se v e ra l  acute 
a i r  p o l lu t io n  ep isodes . These cases show an inc rease  in  i l l n e s s  t h a t  
can be a t t r ib u t e d  to sharp in c re a se s  in  a i r  p o l lu t io n  c o n c en tra t io n .
Some of the b e s t  known cases include  Donora, Pa. (1948), London (1952), 
London (1962), and New York (1963). For these  cases the in c rease  above 
normal death r a te  ranged from 17 in  the case o f  Donora to 4000 in the 
1952 London smog. A study by Heimbach (1970) g ives  s t a t i s t i c a l  evidence 
t h a t  lung cancer and emphysema are  r e l a te d  to long term exposure in  the 
presence  o f  high a i r  p o l lu t io n  l e v e l s .  The harmful e f f e c t s  of a i r  p o l lu -
1
t io n  (SOg, NOg, and 0^) on p la n t  l i f e  i s  demonstrated by many a u tho rs  
(Middleton, 1955; Heck, 1965; Taylor e t  a l . ,  1966; H i l l  e t  a l . ,  1961).
To c i t e  one example: Thomas (1961) showed th a t  a l f a l f a  and g ra in  crop
lo s s  due to  SO  ^ i s  d i r e c t l y  p ro p o r t io n a l  to the v i s i b l e  l e a f  damage.
Tlie r e c e n t  l a r g e  f i s h  k i l l  in  the  U.S. and the  alarming increase  in the 
mercury l e v e l  of marine l i f e  dem onstrate  the  harmful e f f e c t s  of w ater  
p o l lu t io n .
With the  ominous f o r e c a s t  t h a t  the world population  w i l l  double 
in  the  n ex t  30 y e a r s ,  and f a c t s  in mind such as those c i te d  above, i t  
seems necessa ry  t h a t  man cons ide r  how t h i s  con tinu ing  use of environmental 
re so u rces  w i l l  modify the n a tu r a l  environment in the f u tu re .  Mankind 
must a lso  be cogn izan t o f  the f a c t  t h a t  in c re ase s  in  the world p opu la t ion  
and i n d u s t r i a l  a c t i v i t y  makes i t  necessary  to  consider the  f i n i t e  l im i t s  
o f  v i t a l  n a tu r a l  re so u rc e s  such as c le a n  a i r  and w a te r ,  f o s s i l  f u e l s  and 
im portant m in e ra ls .  The Committee on N a tu ra l  Resources (1962) e s t im a te s  
t h a t ,  w ith  world-wide i n d u s t r i a l i z a t i o n ,  80% of the  world supply o f  crude 
o i l  and n a tu r a l  gas would be consumed in  15 to  20 years  and the same pro­
p o r t io n  o f  coa l  d ep le ted  in  l e s s  than a cen tu ry .  I f  t h i s  e s t im a te  is  
c o r r e c t ,  man w i l l  have the acute  problem of developing new energy sources 
w i th in  the  nex t 50 y e a r s  s ince  the  i n d u s t r i a l  world uses coa l ,  o i l  and 
n a tu r a l  gas as  i t s  prim ary sources o f  energy. I t  i s  apparent th a t  i t  
would be u s e fu l  to develop a mechanism to  h e lp  in the assessment o f  the 
long-term  consequences of man's a c t i v i t i e s  be fo re  the  f a c t .  One o f  the 
most prom ising approaches is  the  development of computer models which 
s im ulate  th e  long term e f f e c t  o f  man's endeavors. In recen t  y ea rs  a 
number of s c i e n t i f i c  groups have s t a r t e d  working on the development of 
computer models w ith  such an o b je c t iv e .
3Three o f  the  most prominent ecosystem m odelling groups are  those 
o rganized  by Van Dyne, (1971); W att, (1969, 1971); and F o r re s te r  (1969, 
1971). Van Dyne o rganized  a group th a t  i s  running  the  U.S. IBP Grassland 
Biome P r o je c t .  His group i s  conducting a g ra s s lan d  f i e l d  o bse rva t ion  
program th a t  provides d a ta  fo r  a G rassland Ecosystem Model which they are  
developing . W a tt 's  group i s  involved in  the development of a f o u r - le v e l  
human o r ie n te d  h i e r a r c h i c a l  model which i s  p r im a r i ly  concerned w ith  the 
s t a t e  o f  C a l i f o r n ia .  The four l e v e l s  included a re :  1) a g lobal model,
2) a North American model, 3) a r e g io n a l  model o f  C a l i fo rn ia ,  and 4) sub­
r e g io n a l  models. F o r r e s t e r ' s  group developed an Urban Dynamics Model 
(1969) and a World S im ula tion  Model (1971).
Recent a r t i c l e s  pub lished  by Watt (1971) and F o r re s te r  (1971) 
emphasize the  importance o f  developing models capable  o f  s im ula ting  the 
long-term  in f lu e n ce s  o f  mankind upon the world ecosystem. Watt (1971) 
in d ic a te d  t h a t  the p re s e n t  t rend  o f  the  i n d u s t r i a l i z a t i o n  of underdeveloped 
c o u n tr ie s  w i l l  in c rease  the  rap id  r a t e  a t  which our n a tu ra l  re so u rc es  are  
being d e p le te d .  This w i l l  cause , fo r  one th in g ,  a world-wide in c rease  
in  a i r  and w ater  p o l lu t io n .  He showed t h a t  the  per c a p i ta  consumption 
of o i l  in some o f  the  underdeveloped c o u n tr ie s  i s  increas ing  th re e  times 
f a s t e r  than i t  i s  in  th e  h ig h ly  i n d u s t r i a l i z e d  c o u n tr ie s .  He a lso  d i s ­
cussed some o f  the problems involved with  the implementation o f  s o c ia l  
changes to  which mankind w i l l  have to  adap t;  problems such as n a tu r a l  
resource  d e p le t io n  and increased  a i r  and w ater  p o l lu t io n .  F o r r e s t e r ' s  
(1971) r e s u l t s  in d ic a te d  doom f o r  the world w i th in  100 years  un less  th e re  
i s  a  r e v e r s a l  o f  some o f  the  p re s e n t  world-wide t re n d s .  The r e s u l t s  of 
h i s  model in d ic a te d  t h a t  dec reas in g  the b i r t h  r a t e  and c a p i t a l  investment 
r a t e  would cause the p o p u la t io n  growth, q u a l i ty  of l i f e ,  n a tu ra l  re so u rc e  
consumption and p o l lu t io n  le v e l  to  s t a b i l i z e  w i th in  the next 100 y e a rs .
An i n t e r e s t i n g  p o in t  brought ou t in  F o r r e s t e r ' s  paper is  the f a c t  t h a t  
some s o c ia l  a c t io n  programs which appear to  be b e n e f ic ia l  to mankind 
a c tu a l ly  have de tr im e n ta l  long-term  e f f e c t s .  For in s tance ,  F o r r e s t e r ' s  
Urban Dynamics Model (1969) in d ic a te d  t h a t  the cons truc tion  o f  la rg e  
low-income housing p r o je c t s  w i th in  the c e n t r a l  urban areas has  a d e t r i ­
m ental e f f e c t  on the e v o lu t io n  of an urban a rea . A concept im p l ic i t  in 
both  o f  these  a r t i c l e s  is  the  idea t h a t  the  p resen t  l i f e  s ty l e s  of mankind 
w i l l  have to be s ig n i f i c a n t l y  modified i f  mankind expects s u c c e s s fu l ly  
to su rv ive  the ev o lu t io n  o f  the ecosystem.
The u rb a n - ru ra l  ecosystem computer model described  in  the  fo llowing 
r e p o r t  has  the  p o te n t ia l  fo r  p r e d ic t in g  some of the poss ib le  long-term  
consequences of man's planned and unplanned a c t i v i t i e s .  I t  i s  a lso  use­
f u l  fo r  s tudy ing  c e r t a in  im p l ic a t io n s  of conscious management by man of 
the environm ental re so u rc es  in  h i s  ecosystem. The dec is ion  to  develop an 
u rb a n - ru ra l  ecosystem model i s  based upon the  premise th a t  most of the 
im portan t in te r a c t io n s  between man and h i s  environment can be simulated 
using  such a framework. For example, environmental problems such as  a i r  
and w ater p o l lu t io n  and long term land u t i l i z a t i o n  i l l u s t r a t e  th ree  of 
the major problems considered  by an u rb a n - ru ra l  ecosystem. Tliis model i s  
c a s t  as  a "management model" which uses l i n e a r  programming and d ec is ion  
theory  to  optim ize the e f f e c t  of v a r ious  management p r a c t ic e s .  Simulated 
e v o lu t io n  in the  model depends upon the p h ys ica l  r e l a t io n s h ip s  which con­
t r o l  the  in te r a c t io n s  between the d i f f e r e n t  components of the system.
These p h y s ic a l  r e l a t i o n s h ip s  a re  derived  from s t a t e - o f - t h e - a r t  informa­
t io n  about the p h ys ica l  s c ie n c es  concerned. This ecosystem model d i f f e r s  
from those  o f  Watt and F o r re s te r  in  t h a t  i t  deals  p r im ari ly  w ith  the 
e v o lu t io n  in  an u rb a n - ru ra l  ecosystem and th e  assoc ia ted  human o r ie n te d  
c i t y  problems as opposed to  n a t io n a l  or g lo b a l  problems. The p re se n t
ecosystem model i s  s e t  up so t h a t  i t  could e a s i l y  be adapted fo r  use in 
s p e c i f ic  u rb a n - ru ra l  systems and y e t  could be expanded to incorpora te  
more r e a l i s t i c  boundary c ond it ions  which might be a v a i l a b le  from o ther  
types of models.
The problem i s  organized with a b as ic  s t r u c tu r e  which inco rpora tes  
techniques  capable of s im ula ting  the d r iv ing  mechanisms which e x i s t  in  a 
n a tu ra l  ecosystem. The model uses a v a r i e ty  o f  s to c h a s t ic  and d e te rm in is ­
t i c  concepts  to  s im ula te  r e a l i t y .  Whenever p o s s ib le ,  a d a p ta b i l i ty  is  
considered  in  the s e le c t io n  of modelling techn iques .  For example, l in e a r  
programming is  p r e s e n t ly  used to optimize the water resource  management 
and c o n tro l  a i r  p o l lu t io n  emission r a t e s  in the  urban a re a .  The same tech ­
n iques  could be used f o r  the o th e r  resource  management problems such as 
optimum land  u t i l i z a t i o n .  L inear  programming would a lso  be usefu l  when 
co n s id e r in g  a t r a n s p o r ta t io n  submodel fo r  the ecosystem.
The methodology p re s e n t ly  used in the model can a lso  be made r e ­
sponsive to  new in form ation  gained by fu r th e r  study of the rea l-w orld
ecosystem. This in form ation  could be used to determine what s t a t e  v a r i ­
a b le s  (parameters sim ulated  by the  model) and c o n tro l  param eters  should 
be conside red  in an ecosystem model. For example, a study of the popula­
t i o n  dynamics of the  urban a rea  might in d ic a te  th a t  a c e r t a i n  s e t  of 
c o n tro l  param eters  a re  those most important in  in f lu en c in g  the evo lu tion  
o f  an urban a rea .  This s e t  could e a s i ly  be used to rep lace  the con tro l  
param eters  p re s e n t ly  used in the urban model. The a d d i t io n  of new s ta t e  
v a r i a b le s  to  the ecosystem can be accomplished by using m odelling tech ­
n iques  t h a t  are  used in  the p re s e n t  ecosystem model. As an example, the 
e x i s t in g  ecosystem model only cons ide rs  the growth o f  g ra s s ;  however, o ther  
c rops  can be grown by u s ing  the  b a s ic  botany model and in co rp o ra t in g  crop
d a ta  to determine the e x a c t  r e l a t io n s h ip  between a p a r t i c u l a r  crop and 
the  d r iv in g  func t ion  th a t  in f luences  th a t  crop. The p re s e n t  model only 
inc ludes  the s t a t e  v a r ia b le  and c o n tro l  param eters  t h a t  a re  needed fo r  
the  d e s i re d  le v e l  of complexity o f  the eocsystem.
The p re se n t  ecosystem sim ulation  program i s  in tended to be used 
a s  a b a s ic  to o l  fo r  the development o f  a more comprehensive computer 
model of an u rb an -ru ra l  ecosystem. Future  development w i l l  r eq u ire  the 
a d d i t io n  of d i f f e r e n t  components to the ecosystem and the u t i l i z a t i o n  
o f  la rg e  amounts of observed data  fo r  the c a l i b r a t io n  and v a l id a t io n  of 
the  model. The use of rea l-w orld  d a ta  w i l l  determine what s t a t e  v a r i a b le  
and what va lues  should be assigned to  the c o e f f i c i e n t s  used in the con­
t r o l  mechanism. The model i s  s t ru c tu re d  so t h a t  the  a n t i c ip a te d  expan­
s ion  a s so c ia te d  w ith  the  development of a more comprehensive ecosystem 
can e a s i l y  be handled w ithou t severe ly  a l t e r i n g  the  p re s e n t  lo g ic .
CHAPTER I I  
MODELLING CONCEPTS
This se c t io n  w i l l  consider  some of the  concepts  used in the  de­
velopment o f  the ecology model. S p e c i f i c a l ly ,  v a r io u s  types of models 
w i l l  be d e f ined , some c h a r a c t e r i s t i c s  mentioned and explained and pro­
blems a s so c ia te d  with  model development w i l l  be d iscussed .
A model can be de fined  as a b s t r a c t io n  o f  the r e a l  world and can 
be m athem atical, v e rb a l ,  g r a p h ic a l ,  p i c t o r i a l ,  o r  mechanical. Mathe­
m atica l  models a re  of primary i n t e r e s t  h e re  fo r  ecosystem modelling and 
any fu r th e r  r e f e re n c e  to models w i l l  r e f e r  to  th e  mathematical type.
Models are  u s e fu l  in ecology because they  a b s t r a c t  c u r r e n t  knowledge 
about ecosystems and provide a mechanism to r e p re s e n t  known and, some­
tim es, complex in te r a c t io n s  in  a format which can be accepted by a com­
p u te r ,  Models prov ide  an o v e ra l l  view o f  the  system in  opera t ion . The 
computer r e p r e s e n ta t i o n  o f  an ecosystem can be used to study the conse­
quences of a v a r i a b le  s e t  of assumptions and i n t e r a c t io n s .  Modelling 
a lso  can develop a means to e lu c id a te  c e r t a i n  c h a r a c t e r i s t i c s  p r e s e n t ly  
observed in the  ecosystem but only p a r t i a l l y  unders tood .
C h a r a c t e r i s t i c s  of Models
F ig . 1 i l l u s t r a t e s  some of the c h a r a c t e r i s t i c s  used to d e sc r ib e  
va rious  types  of mathematical models. Each double-headed arrow re p re s e n ts
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F ig . 1. C l a s s i f i c a t i o n  of mathematical models (Clymer. 1969),
9a continuum of v a lu e s  betxjeen the extremes labe led  a t  the t i p s .  Most 
models are lo ca ted  a t  the extrema; fo r  example, most models are  e i th e r  
d e te rm in is t ic  or s to c h a s t i c .  Each of the c h a r a c t e r i s t i c s  shown in Fig.
1 w i l l  be d isc u sse d  in more d e t a i l ,  and following t h i s  d isc u ss io n  there 
w i l l  be a s e c t io n  t h a t  considers  the problems involved in  the  development 
of a computer model fo r  a rea l-w orld  ecosystem.
A d e te r m in i s t i c  p rocess can be defined  as a p rocess t h a t  w i l l  
g enera te  a unique s e t  of r e s u l t s  fo r  a given s e t  o f  i n i t i a l  cond it ions .
A process th a t  can be modelled by so lv ing  a d i f f e r e n t i a l  equation with 
s p e c i f ie d  i n i t i a l  c ond it ions  is  an example. A s to c h a s t i c  process can be 
described  a s  one which can genera te  d i f f e r e n t  s e t s  o f  r e s u l t s  from ob­
se rv a t io n s  of a g iv en  s e t  of i n i t i a l  c o n d it io n s .  The reason fo r  th is  
can be a t t r i b u t e d  to  an u n c e r ta in ty  in  the observed i n i t i a l  cond it ions  
as w e ll  as to an u n c e r ta in ty  about the  mechanisms which d r iv e  the pro­
cess .  An example o f  a rea l-w orld  problem th a t  i s  rep re sen te d  by stochas­
t i c  p rocesses  i s  w eather  p re d ic t io n .  The u n c e r ta in ty  about the  ac tua l  
s t a t e  o f  the  atmosphere a t  any given time along w ith  a lack of precision 
in  d e sc r ib in g  the  mechanisms which d r iv e  the atmosphere makes i t  d e s i r ­
ab le  fo r  m e te o ro lo g is ts  to u t i l i z e  s to c h a s t i c  p rocesses  in weather predic­
t io n .  D e te rm in is t ic  phenomena are descr ibed  using e x p l i c i t  equations , 
w hile  s to c h a s t i c  phenomena must r e ly  on s t a t i s t i c a l  r e l a t i o n s h ip s  such 
as cumulative frequency  d i s t r i b u t io n s ,  d en s ity  d i s t r i b u t i o n s ,  mean values, 
v a r ia n c e s ,  e t c .  An example o f  a d e te rm in is t ic  p rocess  in the ecosystem 
model i s  the  use o f  a r a d ia t io n  balance model to p r e d i c t  the su rface  tem­
p e ra tu re ,  w hile  an example of a s to c h a s t ic  p rocess i s  the u t i l i z a t i o n  of 
a f i r s t  o rder  Markov chain to p red ic t  r a i n f a l l .  The f i r s t  o rder  Markov 
chain  r e l a t e s  the  occurrence  o f  r a i n f a l l  a t  one time s te p  to the  occur-
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rence  o r  non-occurrence  o f  r a i n f a l l  a t  the prev ious time s tep .
A continuous model i s  a model which s im ula tes  s t a t e  v a r i a b le s  
a t  any p o in t  in  time and space ( i n f i n i t e  number), while a d i s c r e te  model 
s im ula tes  va lues  fo r  a f i n i t e  number o f  p o in ts  in  time and space. A 
d i s c r e t e  model f o r  p r e d ic t in g  s o i l  tem perature  p r o f i l e s  in the ground 
would p r e d i c t  s o i l  tem perature  a t  s p e c i f ie d  time in te r v a l s  fo r  sp e c i f ie d  
l a y e r s  of s o i l .  A continuous model would s im ulate  the  s o i l  temperature 
a t  every p o in t  in  time and a t  any p o in t  below the  ground surface. In  
a  sense , a d i s c r e t e  model can be considered as a spec ia l  case of a con­
tinuous model. The d i f f e re n c e  between the r e s u l t s  from d i s c re te  and con­
tinuous  models should become l e s s  s ig n i f i c a n t  as the s ize  of the in c r e ­
ments considered  by d i s c r e t e  models becomes sm aller .
A s t a t i c  model can be de fined  as a model in which the con­
t r o l  param eters  remain c o n s ta n t ,  while in a dynamic model, the con tro l  
param eters  are  allowed to va ry .  An example o f  a s t a t i c  model is  one 
which uses d i f f e r e n t i a l  equa tions  w ith  cons tan t  c o e f f ic i e n t s ,  while  t h i s  
same d i f f e r e n t i a l  equa tion  model would be dynamic i f  some mechanism per­
m i t te d  the c o e f f i c i e n t s  o f  the equa tions  to  vary  with evolu tion  of the 
system. A dynamic model i s  capable of changing with evo lu tion  of a 
system w h ile  a s t a t i c  model only responds to the input v a r ia b le s  which 
d r iv e  the model.
Complex ecosystems have a v a r i e ty  of time and space scales  r e p r e ­
sen ted .  Such systems can be d ivided in to  a d i s c r e te  number of echelons 
c h a ra c te r iz e d  by d i f f e r e n t  time and space s c a le s .  Lower echelons (sm alle r  
time and space s c a le s )  focus on d e t a i l s  while  the upper echelons encompass 
l a r g e r  time and space s c a le s .  A h i e r a r c h i c a l  model i s  one th a t  has more
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than one echelon , w hile  a monolayer model con ta ins  only one echelon. 
H ie ra rc h ic a l  models a re  s t r u c tu r e d  by cons ide r ing  a l l  the d i f f e r e n t  le v e ls  
o f  a c t i v i t y  in the  system. The lower echelons u su a l ly  have a small 
sphere of in f lu en ce  w hile  the  upper echelons have a la rg e r  sphere of 
in f luence .  H ie ra rc h ic a l  models contain submodels th a t  a re  r e l a t e d  to  
each o ther  in terms o f  the r e l a t i v e  time and space s c a le s .  A more de­
t a i l e d  d isc u ss io n  of the  importance of h i e r a r c h i c a l  s t r u c tu r e  can be 
found in  an a r t i c l e  by Clymer and Bledsoe (1969).
Another c h a r a c t e r i s t i c  used in the d e s c r ip t io n  o f  models i s  the  
term modular. A computer model i s  modular when any of i t s  submodels can 
e a s i ly  be rep la ce d  by a new or updated package. This  type of s t r u c tu r e  
i s  advantageous because i t  enab les  one to a l t e r  any of the  submodels 
w ithou t having to make major m od if ica tions  to the o v e ra l l  s t r u c tu r e  of 
the  model.
Modelling Problems 
Some o f  the  ge n e ra l  problems encountered in  the computer s im ula tion  
of ecosystems a re  l i s t e d  below and w il l  be d iscussed  in d e t a i l :
1. Components of the System
2. Conceptual Modelling
3. Modelling Techniques
4. Model Testing .
In m odelling an ecosystem an important problem i s  the  de te rm ina tion  
of the components which should be considered. A complete d e s c r ip t io n  of 
any rea l-w orld  ecosystem r e q u i r e s  that a l l  of the components be considered; 
however, such a r e p r e s e n ta t i o n  o f  most rea l -w o rld  ecosystems i s  im p ra c t ic a l  
because of t h e i r  com plexity . The components chosen should d esc r ib e  the 
ecosystem fo r  the s p e c i f i c  purpose intended. The proposed model of an
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u rb an - ru ra l  ecosystem con ta ins  6 primary submodels t h a t  include: an
Atmospheric component, a Hydrology component, an Urban component, a 
Zoology component, a Botany component and an Executive ro u t in e .  These 
choices are based p r im a r i ly  upon an unders tand ing  of the importance of 
the d i f f e r e n t  components to an u rb a n - ru ra l  ecosystem. A more complete 
d e s c r ip t io n  could include  t r a n s p o r t a t i o n ,  soc io logy , and economics.
These w i l l  no t be included in the system a t  the p resen t  time, although 
they a re  implied.
Another important a sp ec t  o f  the  development i s  the d e f i n i t i o n  o f  
re fe re n c e  systems. Some of the r e f e re n c e  systems used for t h i s  purpose 
include:
1. Trophic l e v e l s  (who-eats-whom l e v e l s )
2. Taxonomic l in e s  ( c l a s s i f i c a t i o n  by
n a tu ra l  r e l a t io n s h ip s )
3. B io lo g ic a l  v s .  a b io t ic
4. V ar iab le  time and space sca le s .
A z o o lo g is t  might co n s id e r  t ro p h ic  l e v e l s  and taxonic  l in e s  to  organize 
models concerning animal l i f e  w hile  a b i o lo g i s t  might c l a s s i f y  a system 
with r e sp e c t  to the  b io lo g ic a l  and a b io t i c  a spec ts  o f  the system. 
M eteo ro log is ts  pe rce ive  the  atmosphere w ith  r e s p e c t  to the d i f f e r e n t  time 
and space sc a le s  of atm ospheric  motion. Table 1 shows the breakdown of 
the s c a le s  of motion considered  in  the atmosphere. The sc a le s  o f  motion 
in the atmosphere run from the m olecular sca le  (space scale  of 10"^ m 
and time s c a le s  of l e s s  than  a second) to  the p lan e ta ry  sc a le s  (space 
sca le  g r e a te r  than 1000 km and time s c a le s  of weeks). M eteo ro log is ts  
study the atmosphere by developing  models to  d e sc r ib e  the d i f f e r e n t  
sc a le s  o f  motion. Each sc a le  o f  motion r e q u i r e s  d i f f e r e n t  o b se rv a t io n a l  
networks and in s trum en ts ,  d i f f e r e n t  a n a ly s i s  techniques and d i f f e r e n t  
th e o r ie s  and p r in c ip le s  fo r  d e sc r ib in g  o rder  in the da ta .  The development
TABLE 1
S c a l e s
of
M o tio n
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of a comprehensive model to  d e sc r ib e  atmospheric motion re q u i re s  know­
ledge about the i n te r a c t io n s  between the d i f f e r e n t  s c a le s  of motion. In  
meteorology, i t  i s  g e n e ra l ly  observed th a t  each sm alle r  sca le  of motion 
is  p a r t i a l l y  c o n t ro l le d  by the nex t la rg e r  s c a le  of motion. The lo c a ­
t io n  of major f r o n t a l  p a t t e r n s  in  r e l a t io n s h ip  to  the general c i r c u l a t i o n  
p a t te rn  i s  an example o f  th e  dependence of a sm aller  sc a le  of motion on 
the next l a rg e r  s c a le  of motion. A more complete d isc u ss io n  of the pro­
blems involved w ith  atmospheric models can be found in  a r t i c l e s  by Lee 
(1966) and Hidy (1957).
V ariab le  time and space s c a le s  are  used fo r  i n t e r d i s c ip l in a r y  
ecosystem models because they  are  a b as ic  re fe ren ce  system common to  a l l  
components of the  ecosystem. C a tego riza t ion  through the use of r e l a t i v e  
time and space s c a le s  perm its  s im p l i f ic a t io n  of complex systems by d iv id in g  
them in to  a v a r i e ty  of submodels, each working w ith  d i f f e r e n t  time and 
space s c a le s  and each co n s id e r in g  only those a spec ts  o f  the  system neces­
sary to d e sc r ib e  i t s  main f e a tu r e s .  Two of the most important c o n s id e r­
a t io n s  inc lude : 1) the d e te rm in a tio n  o f  the c r i t i c a l  time and space s c a le s
of observed phenomena and 2) the  de te rm ina tion  o f  the in te r a c t io n s  be­
tween the d i f f e r e n t  s c a le s  of p rocesses  involved in  the  system.
Another im portan t problem i s  determining which techniques should 
be used to  s im ula te  the p rocesses  t h a t  d r ive  the v a r io u s  components.
Before such a d e te rm in a t io n  one must decide whether to use a s to c h a s t i c  
or d e te r m in is t ic  m odelling techn ique. This d e c is io n  i s  based upon c r i ­
t e r i a  p rev io u s ly  d e s c r ib e d .  The most important d e te rm in is t ic  modelling 
techniques used in the u rb a n - ru ra l  ecosystem model include: o rd ina ry
d i f f e r e n t i a l  e q u a t io n s ,  p a r t i a l  d i f f e r e n t i a l  equa tions  and simple equa­
t io n s ,  w hile  some o f  the s to c h a s t i c  modelling techniques  used in  the  eco­
system model in c lu d e :  f i r s t  o rder  Markov cha ins ,  c o n d it io n a l  p r o b a b i l i ty
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r e l a t i o n s h ip s ,  and a two-dimensional Gaussian d i f fu s io n  model. The 
d e c is io n  to use a p a r t i c u l a r  techn ique  i s  based on knowledge of the d r iv in g  
mechanisms and the c h a r a c t e r i s t i c s  a s so c ia te d  w ith  the d i f f e r e n t  tech ­
n iques .  Some o f  the c h a r a c t e r i s t i c s  t h a t  should be considered include: 
round -o ff  e r r o r ,  t ru n c a t io n  e r r o r ,  r e l a t i v e  accuracy, computational and 
dynamical s t a b i l i t y  and the amount of time req u ired  to run the model.
An important p a r t  of th e  development of a computer model of an 
ecosystem is  i t s  c a l i b r a t io n  and t e s t i n g .  C a l ib ra t io n  i s  performed by 
using rea l -w o r ld  d a ta  sources to  determ ine the va lues  for the d r iv in g  
param eters . Two o f  the t e s t i n g  techn iques  are  termed s e n s i t i v i t y  a n a ly s is  
and v a l id a t io n .  V a l id a t io n  i s  performed by comparing simulated computer 
r e s u l t s  w ith  observed d a ta  s e t s .  I f  the s im ulated  computer r e s u l t s  com­
pare  favorab ly  w ith  the observed d a ta  s e t s ,  then the model is  considered 
v a l id a te d .  V a l id a t io n  which used a sh o r t  time s e r i e s  of observed d a ta  
would u s u a l ly  be considered much l e s s  s ig n i f i c a n t  than th a t  which used a 
long time s e r i e s .  The c a l i b r a t i o n  and v a l id a t io n  should be te s te d  using 
independent d a ta  s e t s .  A s e n s i t i v i t y  a n a ly s is  demonstrates the response 
o f  a model to the  parameters t h a t  c o n t ro l  i t .  A s e n s i t i v i t y  a n a ly s is  can 
be performed e m p ir ic a l ly  by runn ing  a numerical experiment where c e r t a in  
param eters  are  v a r ie d  while  o th e r s  remain c o n s ta n t .  Such an a ly s is  t e s t s  
the  s t a b i l i t y  o f  the  model to v a r i a t i o n s  of the co n tro l  parameters and 
can a lso  be used to  v a l id a te  s u b je c t iv e ly  a model tha t  i s  c a l ib ra te d  and 
v a l id a te d  using a com paratively  small time s e r i e s  of observed d a ta .  The 
use of a s e n s i t i v i t y  a n a ly s is  f o r  v a l i d a t i o n  is  accomplished by running 
the model with d i f f e r e n t  s e t s  of d a ta  fo r  the d r iv in g  v a r ia b le s  and com­
p aring  the  computer s im ulated  r e s u l t s  w ith  the  r e s u l t s  expected fo r  the 
given s e t  of d r iv in g  v a r i a b le s .
CHAPTER I I I  
STRUCTURE OF THE MODEL
The o v e ra l l  s t r u c tu r e  o f  the model i s  shown in F ig .  2. I t  con­
t a in s  f iv e  prim ary submodels: atm ospheric, hydrology, u rban , zoology,
and botany submodels. These a re  c o n tro l le d  by a decision-making 
execu tive  model t h a t  u t i l i z e s  d e c is io n  theory and l in e a r  programming 
techniques to  s tudy  the consequences o f  various  resource management 
p r a c t ic e s  on the  e v o lu t io n  o f  the  system. The overa ll  system is  
modular and u t i l i z e s  h i e r a r c h i c a l  s t r u c tu r e .  The h i e r a r c h i c a l  s t r u c ­
tu re  is  based upon the time and space sc a le s  of the phenomena observed 
in  the ecosystem. The model i s  d i s c r e t e  in o rder  to make use of the 
c a p a b i l i ty  of h ig h  speed d i g i t a l  computers to handle la rg e  compli­
cated  programs. The b a s ic  s t r u c tu r e  o f  the  f iv e  primary submodels 
i s  s t a t i c  in  n a tu re ;  however, the o v e ra l l  system is dynamic because 
of the a b i l i t y  o f  e x ecu t iv e  ro u t in e  to c o n tro l  the model to e f f e c t  
optimal management of the  system. The atmospheric and urban submodels 
use both s to c h a s t i c  and d e te r m in is t ic  processes  while th e  zoology, 
botany, and hydrology models use d e te r m in is t ic  processes.
A la rg e  v a r i e ty  of time and space sc a le s  are  considered. Tu? t in e  
s c a le s  are se t  up to  s im u la te  the e vo lu t ion  of the ecosystem for  
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F i g .  2 :  O r g a n i z a t i o n  o f  t h e  u r b a n - r u r a l  e c o lo g y  m o d e l .
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monthly, and y e a r ly  time s tep s .  The d i f f e r e n t  space sca les  a re  con­
s ide red  by u s ing  a v a r i e t y  of g r id  networks in  which g r id  p o in ts  rep re -
2 2 2 s en t  b a s ic  u n i t  a reas  ( .38  x .38 mi , 1x1 mi , and 16x16 mi ) .  The
g rid  networks a re  organized so t h a t  the sm alle r  s c a le  g r id s  can be
superimposed upon the l a r g e r  g r id s .  The o v e ra l l  dimensions o f  the
model a re  i l l u s t r a t e d  in Fig. 3. Some o f  the  important physica l
2
a spec ts  in c lu d e :  1) 128x128 mi o v e ra l l  ecosystem, 2) 300 mi r iv e r
2
system, 3) 24x18 mi urban area w ith  a 1 to 2 m i l l io n  popu la tion ,
2 2 
4) 25x25 mi lak e  and 5) farm land broken down in to  4x4 mi p lo t s .
The im portant time and space sc a le s  fo r  the d i f f e r e n t  submodels are
summarized in  F ig .  4. A d e ta i le d  d e s c r ip t io n  of the  o v e ra l l  computer
system and the  s ix  prim ary subsec tions  o f  the  model w i l l  fo llow .
O vera ll  Computer System 
The computer program i s  s e t  up to  run  on the  N a t io n a l  Center fo r  
Atmospheric Research (NCAR) GDC 6600 computer system. The NCAR 
computing f a c i l i t i e s  a re  used because o f  the  c a p a b i l i t y  of the  system 
to handle l a r g e  numerical models (60,000 word core , ample tape  and 
drum f a c i l i t i e s ,  and DD80 scope o u tp u t) .  F ig .  5 shows the flow diagram 
of the o v e r a l l  computer model. The la rg e  core  cap ac i ty  requ ired  
n e c e s s i ta te d  th e  use o f  the  overlay  system which p rov ides  fo r  "o ff  l in e "  
s to rage  of in d iv id u a l  submodels t h a t  can be c a l le d  in to  the "on l in e"  
computer system by the co n tro l  program. Tlie f iv e  primary submodels 
are  programmed as in d iv id u a l  overlays  and a re  c a l le d  se p a ra te ly  in to  
the "on l in e "  computer system as a fu n c t io n  of time and space sca le s  
of the in d iv id u a l  submodels. The computer program uses 5 0 ,000 .words 
of core , two m agnetic tap e s ,  and two drums. Forty -thousand  words of 
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fo r  use by the various  o v e r la y s ,  while  the two drums are  used for r e c u r ­
r e n t  da ta  s to ra g e .  I n te r m i t t e n t  d a ta  s to rage  fo r  o verlays  2, 3, and 4 
are  s to red  on drum 1, w hile  drum 2 is  used fo r  overlay  1, Data stored 
i n  drum 1 i s  read into the common b lock p r io r  to the use o f  overlays  2,
3 , and 4 while the d a ta  on drum 2 i s  read  p r io r  to the  use of overlay  1 . 
F u tu re  growth of the model w i l l  r e q u i re  the use of a d d i t io n a l  drums for 
in te rm ed ia te  da ta  s to rage .  One of the magnetic tapes  s to re s  the  output 
a t  th e  end o f  each time s te p ,  w hile  the o th e r  magnetic tape i s  used in 
con junction  with  the r e s t a r t  procedure a v a i la b le  on the NCAR computer 
system. The r e s t a r t  procedure a llow s the computer program to be r e a c t i ­
v a ted  at the end o f  the  l a s t  completed time s te p ,  so th a t  s tu d ie s  which 
take  a cons ide rab le  amount o f  computer time to complete can be broken up 
and submitted on severa l  occas ions .  This a lso  perm its  one to stop the  
computation a t  a p a r t i c u l a r  p o in t  in  the evo lu t ion  of the ecosystem and 
to  change c e r t a in  c r i t i c a l  param eters  to  study the r e s u l t i n g  e f f e c t .
Two o f  the most im portant c h a r a c t e r i s t i c s  of the  o v e ra l l  program 
a re  the modular and h i e r a r c h i c a l  s t r u c tu r e .  The modular s t ru c tu re  i s  
i l l u s t r a t e d  by the use of the  overlays  to program the in d iv id u a l  sub­
models. The s u b s t i tu t io n  of new v e rs io n s  of old submodels and the a d d i ­
t io n  of new submodels i s  accomplished e a s i l y  by adding new overlays. The 
h i e r a r c h i c a l  s t ru c tu re  i s  demonstrated by the  use o f  the  c o n tro l  program 
to  d i r e c t  overlay  ope ra t ions  in which the in d iv idua l  submodels are c a l l e d  
in to  the "on l in e "  computer system as a func t ion  of the  r e l a t i v e  time 
and space sc a le s .  The in d iv id u a l  overlays  u t i l i z e  h i e r a r c h i c a l  s t r u c ­
tu re  by con ta in ing  submodels w i th in  the overlay  th a t  a re  organized w ith  
r e s p e c t  to time and space s c a le s .
2 2
Atmospheric Submodel 
The o b je c t iv e  of the  atmospheric submodel i s  to  s im ulate  d a i ly  
weather o b se rv a t io n s  fo r  p e r io d s  of time up to  30 y e a rs .  The d e te rm in is ­
t i c  r e p r e s e n ta t io n  p re s e n t ly  used in numerical weather p re d ic t io n  i s  
g e n e ra l ly  capable of p r e d ic t in g  la r g e - s c a le  weather p a t t e rn s  fo r  periods  
o f  time up to a few days, w hile  most of the  sm alle r  sc a le  phenomena in 
meteorology can only be p re d ic te d  fo r  periods  of time much le s s  than 
36 hours (Lee, 1966). The l im i te d  p r e d i c t a b i l i t y  o f  d e te r m in is t ic  a t ­
mospheric models made i t  n ecessa ry  to  develop a s to c h a s t i c  atmospheric 
model which i s  capable of s im u la t in g  c o n s is te n t  d a i ly  weather observa­
t io n s  (5 inches of r a in  d o e s n ' t  occur on a c le a r  day) fo r  long periods 
o f  time. This submodel s im u la te s  d a i ly  weather o bse rva t ions  t h a t  are  
s t a t i s t i c a l l y  comparable w ith  the observed c l im a to lo g ic a l  da ta  used in 
the c a l i b r a t i o n .  Most of the  param eters p red ic te d  by the atmospheric 
component are  considered  to  be s to c h a s t i c ,  w hile  a few are  rep resen ted  
as d e te r m in is t ic .
A l i s t  o f  the atm ospheric  param eters , the  time and space sc a le s  
a sso c ia te d  with  each param eter,  and the p rocesses  used to s im ulate  each 
parameter are  shown in Table 2. The atmospheric param eters  are  r e p re ­
sented on a v a r i e ty  of time and space sca le s  because o f  t h e i r  use in  the 
model. In  p a r t i c u l a r ,  the  average a i r  p o l lu t io n  f i e l d  i s  p red ic te d  fo r
the  whole ecosystem using a la rg e  sc a le  32x32 gr id  and a lso  fo r  a small
2
sc a le  40x40 g r id  (mesh s iz e  = 1x1 mi ) th a t  i s  cen te red  about the urban
a re a .  Param eters such as th e  hourly  urban h e a t  i s la n d  tem perature and
wind f i e l d s  a re  p re d ic te d  on a small sca le  20x20 g r id  (mesh s iz e  = 1x1 
2
mi ) a lso  cen te red  on the  urban a re a .  The param eters th a t  do no t have 
any s p a t i a l  v a r i a t i o n  a re  p red ic te d  as average values  fo r  the  whole eco­
system.
TABLE 2
PARAMETERS SIMULATED BY THE ATMOSPHERIC MODEL
Time
Parameters Scales Space Scales Simulation Process
1. surface air temperature hourly 20x20 grid (mesh size _ 1x1 mi^)
deterministic 
(radiation balance model)
2. 6 in. soil temperature hourly 20x20 grid (mesh size _ 1x1 mi^)
deterministic 
(radiation balance model)
3. 1000 ft. air temperature hourly no spatial variation stochas tic
4. 1000 ft. wind speed hourly no spatial variation s tochas tic
5. net radiation balance and 
short wave solar radiation hourly 20x20 grid (mesh size 1x1 mi^l
oeterminis tic 
(radiation balance model)
6 . urban heat island daily 20x20 grid (mesh size _ 1x1 mi^)
determinis tic 
(radiation balance model)
7. urban heat island wind 
field hourly 20x20 grid (mesh size 1x1 mi^)
deterministic 
(equations of motion)
8. average surface wind 
speed and direction daily no spatial variation
s tochas tic
(first order markov chain)
9. average relative 
humidity daily no spatial variation stochastic
10. average cloud cover daily no spatial variation s tochas tic
11. rainfall distribution 
and amounts daily 32x32 grid (mesh size 4x4 mi^)
s tochas tic
(first order markov chain)
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Figure  6 i l l u s t r a t e s  the flow diagram of the atmospheric submodel 
as w e ll  as the  sequence o f  p re d ic t in g  the a tm ospheric param eters. The 
wind d i r e c t i o n  and speed a re  the f i r s t  param eters  p red ic ted  a t  the s t a r t  
of each d a i ly  s te p .  The p red ic ted  wind d i r e c t i o n  i s  used to fo re c a s t  
the r e l a t i v e  hum idity . Cloud cover is  f o re c a s t  using the p red ic ted  
r e l a t i v e  hum idity  and wind d i r e c t i o n .  The above parameters are  used 
as input d a ta  f o r  the  a i r  p o l lu t io n  f i e l d .  The r a i n f a l l  model, in  tu rn ,  
u t i l i z e s  t h i s  f i e l d  and a l l  of the p rev io u s ly  p re d ic te d  parameters in 
f o re c a s t in g  the r a i n f a l l  d i s t r i b u t io n  fo r  the  ecosystem. All of these  
param eters are  considered  in  the  r a d i a t i o n  balance model to p r e d ic t  
hourly  v a lues  o f  su rface  tem pera ture , n e t  r a d i a t i o n  hea t  f lu x ,  sho rt  
wave s o la r  r a d i a t i o n ,  and the 6" s o i l  tem pera tu re .  The hourly  su rface  
tem perature  f i e l d  fo r  the urban a rea  i s  used by the small sca le  wind 
model to ge t  the  urban h e a t  is land  induced wind f i e l d .  C lim ato logica l 
d a ta  from Oklahoma C ity  (OKC) and N a tiona l  Severe Storms Laboratory 
tower d a ta  (Crawford, 1970) are  used to d e r iv e  the  s t a t i s t i c a l  r e l a t i o n ­
sh ips  needed by the atmospheric submodel. The s t a t i s t i c a l  r e l a t io n s h ip s  
a re  determined as a fu n c t io n  of time of year fo r  th re e ,  four month periods 
(Nov., Dec., J a n . ,  F e b . ,  Mar., A pr.,  May, June, J u ly ,  Aug., S e p t . ,  O c t , ) .  
These p a r t i c u l a r  four  month periods a re  chosen because of the r e l a t i v e  
homogeneity of the  average monthly r a i n f a l l  w i th in  these  time pe riods .
Wind
The d a i ly  average wind d i r e c t i o n  is  s im ulated  using a f i r s t  order 
Markov process s p e c i f ie d  through the  use o f  a t r a n s i t i o n  m atrix  (See Fig. 
7) determined f o r  OKC c l im a to lo g ic a l  d a ta .  Theory desc r ib ing  the f i r s t  
o rder  Markov chain  i s  found in a book by L ipschu tz  (1966). Three impor­
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Fig. 6. Flow diagram for the atmospheric model.
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^11 ^12 ^ 1 3 ...................*15
*21 * 2 2 ............................. *25
^At * 3 1 .........................................*35
* 4 1 ...................................... *45
*51 * 5 2 .................... * i j  *55
where i s  the  p r o b a b i l i ty  t h a t  the wind w i l l  change 
from d i r e c t io n  " i "  to  d i r e c t i o n  " j "  during  time in te r v a l  At.
F igu re  7; The wind d i r e c t i o n  t r a n s i t i o n  m a tr ix .
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study a re :
1) A f te r  a s u f f i c i e n t  number of time s te p s ,  a 
c o l l e c t i o n  o f  the  wind d i re c t io n s  generated  
w i l l  r e p re s e n t  the  c l im a to lo g ic a l  wind ro s e ,
2) The t r a n s i t i o n  m atr ix  requ ired  to make the 
f o r e c a s t  fo r  time period  NAt is  given d i r e c t l y
by
3) E rro r  propaga tion  can be studied  d i r e c t l y  
(Crawford e t  a l . ,  1971).
The Markov chain f o r e c a s t s  the  wind d i r e c t io n  ( to  the n e a re s t  degree) 
i n  one of f ive  c la s s  i n t e r v a l s  (350°-70°, 71°-150°, 151°-200°, 201°-270°, 
and 271°-349°) . The f o re c a s t  i s  accomplished in the fo llow ing  manner.
L et (Dj.) be the  p r o b a b i l i t y  d i s t r i b u t i o n  fo r  the wind d i r e c t i o n  in te r v a l s  
a t  time t^ .  Then, fo r  example, th e  p ro b a b i l i ty  d i s t r i b u t i o n  fo r
wind d i r e c t i o n  a t  t^  + At i s  g iven by
^t+At " ^ t^o^^^At  ^ " (^41’^42’^43’V ’ 4^5^
where
(Dj. ) = ( 0 ,0 ,0 ,1 ,0 )  . . .  wind d i r e c t io n  from c la s s  in te r v a l
o 4 a t  time t^  ^ (known by obse rva tion )
(P ^ P  = the t r a n s i t i o n  m atr ix  (Fig. 7)
. P . . = the p r o b a b i l i t y  fo r  the wind d i r e c t i o n  to  be in
c la s s  i n t e r v a l  j a t  time tg  + At when the wind
d i r e c t i o n  i s  from c la s s  in te r v a l  i  a t  time t^ .
The f o re c a s t  c la s s  i n t e r v a l  of wind d i r e c t i o n  a t  t  + At ( t  + 24
hours)  i s  obtained us ing  r e c ta n g u la r ly  d i s t r ib u te d  random number beti;een
0 and 1 and the cumulative frequency d i s t r i b u t io n  (ogive) derived  from
the  p r o b a b i l i t i e s  s p e c i f ie d  by This i s  accomplsihed by using
the  genera ted  random number as the  o rd in a te  of the ogive and then choosing 
the  corresponding wind d i r e c t i o n  c la s s  in te r v a l  from the a b sc is sa  (process 
i l l u s t r a t e d  in F ig . 8 ) .  This random process i s  used f re q u e n t ly  to d e te r ­
mine the  p red ic te d  c la s s  i n t e r v a l  fo r  various  param eters . Any fu r th e r
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Random numbers from ,55 to .79 would p r e d ic t  the 
wind d i r e c t i o n  to be in  c la s s  i n te r v a l  3 (156°-205°)
The p r o b a b i l i ty  th a t  the  wind 
d i r e c t i o n  i s  w ith in  c la s s  i n t e r ­
v a l  3 i s  equal to the  p ro b a b i l ­
i t y  th a t  wind d i r e c t i o n  i s  
w i th in  c la s s  in te rv a l  1 , 2, or 
3 minus the p r o b a b i l i ty  th a t  
wind d i r e c t i o n  i s  w i th in  c la s s  
in te r v a l s  1 o r  2 (.79 - .55 = .24),
1 2 3
" i "  wind d i r e c t i o n  c la s s  in te rv a l
F ig .  8. Ogive fo r  the  wind d i r e c t io n  c la s s  i n te r v a l s  a t  time 
t  + 24 hours when the wind d i r e c t i o n  a t  time t  i s  in  
c la s s  i n te r v a l  1 (345° - 7 5 ° ) .  This d i s t r i b u t i o n  i s  
fo r  the w in te r  months (Nov., Dec., J a n . ,  and F eb .) .
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r e fe re n c e  to the  use of a random process to  s e le c t  a c la s s  i n te r v a l  of 
q u a n t i ty  from a frequency d i s t r i b u t i o n  of th a t  q u a n t i ty  w i l l  r e f e r  to 
random process demonstrated above.
The exac t  value o f  the  wind d i r e c t io n  (n e a re s t  degree) i s  d e te r ­
mined by means of a s t a t i s t i c a l  procedure which uses  the  p r o b a b i l i ty  fo r  
the c la s s  i n te r v a l s  o f  wind d i r e c t i o n  on e i t h e r  s id e  of the p red ic ted  
c la s s  in te r v a l .  The s t a t i s t i c a l  technique assumes t h a t  the cumulative 
d i s t r i b u t i o n  fo r  wind d i r e c t i o n  w ith in  the p red ic te d  c la s s  of in te rv a l  
is  genera ted  from a norm alized ve rs ion  of a sp e c ia l  d i s t r i b u t i o n  in  which 
the p r o b a b i l i ty  fo r  the two wind d i r e c t io n s  th a t  d e f in e  the o u te r  l im i t s  
of a wind d i r e c t io n  c la s s  i n t e r v a l  are s e t  equal to  the  p r o b a b i l i ty  of 
the  wind d i r e c t i o n  c la s s  i n t e r v a l s  th a t  a re  ad jacen t  to  these  wind d i r e c ­
t io n s .  The p r o b a b i l i ty  fo r  the  wind d i r e c t i o n s  w i th in  the c la s s  in te rv a l  
are  then generated  by assuming t h a t  there  i s  a l i n e a r  trend  in  the pro­
b a b i l i t i e s  defined  a t  the  end p o in t  wind d i r e c t i o n s  o f  the  c la s s  i n te r v a l .  
F ig .  9 demonstrated the s p e c ia l  d i s t r i b u t i o n  th a t  i s  used to  genera te  
the  d e n s i ty  d i s t r i b u t i o n  fo r  wind d i r e c t io n s  w ith in  wind d i r e c t i o n  c la s s  
i n te r v a l  3 ( s t a t i s t i c s  f o r  th e  w in te r  time p e r io d ) .  The cumulative f r e ­
quency d i s t r i b u t io n  i s  g enera ted  from t h i s  d e n s i ty  d i s t r i b u t i o n  and is  
used in conjunction  w ith  the random process i l l u s t r a t e d  in Fig. 8 to 
determ ine the exact va lue  of the wind d i r e c t i o n  p re d ic te d  fo r  a p a r t i c u l a r  
wind d i r e c t io n  c la ss  i n t e r v a l .
The average d a i ly  wind speed is  fo re c a s t  by u s in g  the  p red ic ted  
wind d i r e c t i o n .  Conditional p r o b a b i l i t i e s  fo r  f iv e  c la s s  i n te r v a l s  of 
wind speed (0-5 mph, 6-10 mph, 11-15 mph, 16-20 mph, and 20-25 mph) a re  
determined fo r  the f iv e  c l a s s  in te r v a l s  of wind d i r e c t i o n  (OKC c lim ato lo -  
g i c a l  d a ta ) .  The c o n d i t io n a l  p r o b a b i l i t i e s  o f  wind speed th a t  c o rre s ­
pond to  the  p red ic te d  wind d i r e c t i o n  c la s s  in te r v a l  a re  used to  c o n s tru c t
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P ro b a b i l i ty  fo r  wind d i r e c t i o n  c la s s
in te r v a l  4(206° - 275°).20
P ro b a b i l i ty  fo r  wind d i r e c t i o n  





Wind d i re c t io n s  w ith in  c la s s  i n t e r v a l  3.
F ig . 9. S pec ia l  frequency d i s t r i b u t i o n  used to genera te  the d e n s i ty  
d i s t r i b u t io n  fo r  wind d i r e c t i o n  w ith in  wind d i r e c t i o n  c la s s  
in te r v a l  3. The sp e c ia l  d i s t r i b u t i o n  i s  fo r  the w in te r  
time period (Nov., Dec., J a n . ,  and F e b .) .
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an ogive t h a t  i s  used in con junction  with a random process  (process  des­
cribed  in F ig . 8) to  p r e d ic t  the c la s s  in te r v a l .  The exac t  va lue  of 
the  wind speed i s  sim ulated by using a rec tan g u la r  number g e n e ra to r  in 
con junction  with the cumulative frequency d i s t r i b u t i o n  generated  by 
assuming th a t  each wind d i r e c t io n  w ith in  the c la s s  i n te r v a l  has an equal 
p ro b a b i l i ty .
Hourly average va lues  of the  su rface  and 1000 f t .  wind speed are 
fo re c a s t  as a fu n c t io n  o f  the p red ic ted  d a i ly  average wind speed c a te ­
gory. The wind speed category is  used as input in form ation  fo r  a tab le  
look up procedure which uses a t a b le  in  which the  average hourly  surface 
wind speed and 1000 f t  wind speed are  presented fo r  each hour during 
the  day fo r  the f iv e  average d a i ly  wind speed c a te g o r ie s .  This t a b le  is  
determined by comparing the  d a i ly  average surface  wind speed observed 
a t  OKC with the hourly  average va lues  of the  su rface  wind speed and 1000 
f t  wind speed observed a t  the NSSL meso-network tower f o r  the time period 
from June 1966 to May 1967. A complete d e s c r ip t io n  o f  the mesonetwork 
tower and the wind d a ta  fo r  t h i s  time period (June 1966-May 1967) is  
p resented  in  a r e p o r t  by Crawford (1970).
R e la tiv e  Humidity
The average d a i ly  r e l a t i v e  humidity i s  f o re c a s t  from the p red ic ted  
wind d i r e c t io n .  C onditional p r o b a b i l i ty  d i s t r i b u t io n s  fo r  f iv e  c la s s  
in te r v a l s  o f  r e l a t i v e  hum idity  (0 to 20%, 21 to 40%, 41 to  60%, 61 to 
80% and 81 to  100%) are  determined fo r  the d i f f e r e n t  c l a s s  i n te r v a l s  of 
wind d i r e c t io n  (the co n d it io n a l  p r o b a b i l i t i e s  a re  determined us ing  Okla­
homa City c l im a to lo g ic a l  d a ta ) .  The cond it iona l  p r o b a b i l i ty  d i s t r i b u t io n  
th a t  corresponds to the f o re c a s t  wind d i r e c t io n  i s  used in  connection with 
a rec tan g u la r  random number genera to r  to determine the  f o re c a s t  r e l a t i v e
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humidity c la s s  i n te r v a l  ( technique i l l u s t r a t e d  in Fig. 8 ) .  The p re d ic te d  
va lue  of r e l a t i v e  humidity i s  determined by using the same technique 
th a t  is  used to g e t  the  exact  va lue  of the average wind speed.
Cloud Cover
D aily  average cloud cover i s  p re d ic te d  by using the fo re c a s t  wind 
d i r e c t i o n  and r e l a t i v e  hum idity . C ondit iona l  p r o b a b i l i t i e s  fo r  f iv e  
c l a s s  i n t e r v a l s  of cloud cover (0 to  .2 ,  .21 to .40, .41 to .60 , .61 to  
.80 , .81 to 1) are  c a lc u la te d  fo r  the f iv e  c la s s  in te r v a l s  of wind d i r ­
e c t io n s  and r e l a t i v e  hum idity . The c o n d i t io n a l  p ro b a b i l i ty  d i s t r i b u t io n  
which correspond to  the  f o re c a s t  wind d i r e c t i o n  and r e l a t i v e  humidity 
i s  used in  con junc t ion  w ith  a r e c ta n g u la r  number genera to r  to determine 
the  c l a s s  i n te r v a l  o f  cloud cover ( technique shown in F ig . 8 ) .  The 
exac t  va lue  of cloud cover i s  f o re c a s t  by u s ing  the same technique th a t  
i s  employed to determine the exact  va lue  of mean d a i ly  wind speed.
Air P o l lu t io n
D aily  average va lues  of a i r  p o l lu t io n  are determined a t  any p o s i ­
t io n  in th e  ecosystem by cons ide r ing  the  d isp e r s io n  o f  a i r  p o l lu t io n  from 
s p e c i f ic  p o in t  sou rces .  The p o in t  source a i r  p o l lu t io n  model suggested 
by P a s q u i l l  (1961) and modified by G ifford  (1961) is  rep resen ted  by 
the fo llow ing  equa tion ;
X (x ,y ,z ,H ) = 2 ^ V u  '
y z y z
+ E X P [-% (^ )^ ]}  
where ^
U = average wind speed (m/sec)
X = gas o r  ae ro so l  co n c en tra t io n  (gm ^)
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Q. = em ission  r a t e  o f  p o l lu ta n t s  (g sec 
 ^ fo r  th e  I t h  f a c to ry  ( I  = 1, 2 . . . ,  16)
H = e f f e c t i v e  em ission h e ig h t  (m)
a  = s ta n d a rd  d e v ia t io n  of the  plume co n cen tra t io n  
^ d i s t r i b u t i o n  in the  h o r iz o n ta l  (m)
a = s tan d a rd  d e v ia t io n  of th e  plume co n cen tra t io n  
d i s t r i b u t i o n  in  the  v e r t i c a l  (m)
x ,y ,z  = d e f in e  the  lo c a t io n  in refe rence  to the 
source  o f  p o l lu t io n  ( i n ) ,
The model assumes th a t  the  v ind  speed and d i re c t io n  and s t a b i l i t y  are
co n s ta n t  throughout the mixing la y e r .  0^ and a re  fu n c t io n s  of the
s t a b i l i t y  and lo c a t io n  in  r e f e re n c e  to  the  p o in t  source o f  p o l lu t io n .
The values o f  c and o a re  d e rived  from ta b le s  i l l u s t r a t e d  by Turner (1969), y z
The s t a b i l i t y  c l a s s i f i c a t i o n  system suggested by Turner (1961) i s  used
to  determine the s t a b i l i t y  c l a s s i f i c a t i o n  as a function  of wind speed,
s o la r  r a d i a t i o n ,  and cloud cover. The s t a b i l i t y  c l a s s i f i c a t i o n  runs from
c l a s s  A through F where A i s  most u n s ta b le  and c la ss  F the most s ta b le .
The model s im ula tes  d a i l y  average SOg a i r  p o l lu t io n  fo r  a 40x40 grid  
2
(mesh s ize  = 1x1 mi ) ce n te re d  on the urban a rea  and a 36x36 g r id  (mesh 
2
s iz e  = 6x6 mi ) th a t  in c lu d e s  the  whole ecosystem. The model uses the 
1968 Houston, Texas SO  ^ a i r  p o l lu t io n  emission data (Report fo r  Consul­
t a t i o n  on the M etropo li tan  Houston-Galveston Air Quality  Control 
Region, 1969). A m odified  v e rs io n  of the method suggested by Turner 
(1964) i s  used to reduce the c a lc u la t io n s  needed to produce an a i r  p o l lu ­
t io n  f i e l d .  A f i e l d  o f  %/Q va lues  (x = a i r  p o l lu t io n  c o n c en tra t io n ,
Q = a i r  p o l lu t io n  em ission  r a t e )  i s  c a lc u la te d  fo ra  p o in t  source with 
th e  given m eteo ro log ica l  c o n d i t io n s .  This f i e l d  is superimposed on the  
l a r g e r  g r id  network a t  th e  l o c a t io n  o f  each of the p o in t  sources and 
used to  c a lc u la te  the c o n t r ib u t io n  of a i r  p o l lu t io n  to the  g r id  network
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from each p o in t  source. This i s  accomplished by m u lt ip ly ing  the x/Q value  
a t  each g r id  p o in t  by the  Q value th a t  corresponds to  the appropria te  po in t  
source . This method assumes c o ns tan t  s tack  h e ig h t  fo r  each o f  the p o in t  
sources ( i . e . ,  an e f f e c t iv e  emission he igh t of 10 m eters  is  assumed).
Rain Model
R a in fa l l  i s  s im ulated  on a d a i ly  b a s is  f o r  a 36x36 g r id  network 
2
(mesh s iz e  = 6x6 mi ) .  The r a i n f a l l  model has th re e  sec t io n s  which 
include:
1) P re d ic t io n  of the occurrence o r  non-occurrence 
o f  r a i n f a l l  in  the whole ecosystem,
2) P r e d ic t io n  of the average r a i n f a l l  f o r  the  whole 
ecosystem i f  r a i n f a l l  is  f o r e c a s t ,  and
3) S im ula tion  of r a i n f a l l  d i s t r i b u t i o n  f o r  the g r id  
network.
The occurrence  of r a i n f a l l  in  the ecosystem i s  p red ic te d  by using 
a f i r s t  o rd e r  Markov p rocess . Oklahoma City c lim ato logy  d a ta  are s t r a ­
t i f i e d  with r e s p e c t  to  f iv e  c la s s  in te r v a l s  of r e l a t i v e  humidity and 
then used to c a lc u la t e  f iv e  f i r s t  o rder Markov c h a in s .  The fo re c a s t  
va lue  of the r e l a t i v e  humidity determines which Markov chain i s  used on 
any p a r t i c u l a r  day. The occurrence or non-occurrence of r a i n f a l l  is  
p re d ic te d  using  the  a p p ro p r ia te  Markov cha in ,  the  occurrence o r  non­
occurrence  o f  r a i n f a l l  anywhere in  the ecosystem on the previous day, 
and the techn ique  used to  f o re c a s t  the wind d i r e c t i o n  c la s s  in te r v a l .
The occurrence  o r  non-occurrence o f  r a i n f a l l  i s  p red ic te d  for the eco­
system. The p r o b a b i l i t y  of the occurrence o f  r a i n f a l l  i s  increased 10% 
fo r  lo c a t io n s  in  the ecosystem th a t  have a i r  p o l lu t io n  le v e ls  g rea te r
3
than a s p e c i f ie d  c r i t i c a l  l e v e l  (40 pg/m ) .  G abrie l  and Neumann (1962) 
and o th e r s  showed th a t  Markov cha ins  can be used s u c c e s s fu l ly  to s im ulate  
r a i n f a l l  occurrence .
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I f  r a i n f a l l  is  p r e d ic te d  fo r  the ecosystem then the fo llow ing 
method i s  used to determ ine the average r a i n f a l l  amount fo r  the whole 
ecosystem. Oklahoma C i ty  c l im a to lo g ic a l  da ta  i s  used to develop a 
t a b le  which r e l a t e s  the average r a i n f a l l  amount fo r  r a i n  days to  the 
r e l a t e d  humidity and wind d i r e c t i o n .  The average amount of r a i n f a l l  is  
f o re c a s t  by using t h i s  t a b l e  in con unc tion  w ith  the p red ic te d  v a lu e s  of 
r e l a t i v e  humidity and wind d i r e c t i o n .
This s e c t io n  of the r a i n f a l l  model a lso  p r e d i c t s  the time periods 
when the average r a i n f a l l  amounts w i l l  occur over the ecosystem. The 
frequency d i s t r ib u t io n  f o r  the number of r a i n f a l l  p e r io d s  as a func t ion  
o f  the  time of day (6-hour c l a s s  i n te r v a l s )  i s  used in  conjunc tion  with  
a random number g e n e ra to r  to  p r e d ic t  the  number of r a i n f a l l  periods  
( techn ique i l l u s t r a t e d  i n  F ig . 8 ) .  The frequency d i s t r i b u t i o n  which r e ­
l a t e s  the s t a r t i n g  time pe r iod  fo r  measurable r a i n f a l l  w ith  the number 
o f  r a i n f a l l  periods is  used in con junc t ion  with a r e c ta n g u la r  random 
number gene ra to r  to determ ine the  s t a r t i n g  time pe riod  fo r  measurable 
r a i n f a l l  ( technique i l l u s t r a t e d  in  F ig .  8 ) .  The frequency d i s t r i b u t io n s  
used to determine the  number of r a i n f a l l  periods  and the beginning of 
measurable r a i n f a l l  a re  de term ined  using Oklahoma City c l im a to lo g ic a l  da ta . 
The ou tpu t  from t h i s  s e c t io n  of the model p re d ic ts  th a t  the p r e c ip i t a t i o n  
w i l l  s t a r t  f a l l i n g  on th e  ecosystem during  one of four periods  and i t  
w i l l  continue r a in in g  on the ecosystem fo r  the period  of time p red ic ted  
by the  model.
The th i rd  s e c t io n  of t h i s  model i s  used to  s im ula te  r a i n f a l l  d i s ­
t r i b u t i o n  for the  g r id  network. This d i s t r i b u t i o n  is  p red ic te d  using  two 
types of p a t te rn s  which inc lude :
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1) convective shower a c t i v i t y
2) la rg e  sc a le  f ro n ta l  r a in
R a in fa l l  i s  d i s t r i b u t e d  in summer months (Ju ly  and August) us ing  convec­
t iv e  shower a c t i v i t y  w hile  la rg e  sca le  f r o n t a l  r a in  p a t te rn s  are  used 
fo r  the o th e r  months o f  the year.
The convective  shower a c t i v i t y  i s  p red ic ted  using a modified v e r ­
s ion  of a re a  depth  r e l a t i o n s h ip s  suggested by Horton (1924). Eq. 1 and 
2 d esc r ibe  the  a re a  depth r e la t io n s h ip .
P = m(exp (-kA^)) (1)
Z = m(l-knA^(exp (-kA^)) (2)
where
Z = r a i n f a l l  along the boundary of a rea  A
P = average p r e c ip i t a t i o n  w ith  area A
m = r a i n f a l l  a t  cen te r  of storm (in)
A
A = a rea  (mi ) contained in  an i s o p le th  o f  r a i n f a l l  
k and n a re  c o ns tan ts  (k = .01 , n = .42 ) .
The values o f  k and n a re  determined by f i t t i n g  Eq. 2 to th= experimental 
determined a re a  depth r e l a t i o n s h ip  for convective showers in the Washita 
River Basin (Nicks and Hartman, 1965). Eq. 2 is  used to spec ify  the  
r a i n f a l l  d i s t r i b u t i o n  around a convective storm th a t  in f luences  a 400 
sq mi a re a .  A f te r  sp e c ify in g  the number o f  convective storms ( se t  equal 
to 18) and the  average r a i n f a l l  fo r  each convective storm, Eq. 1 i s  used 
to determine the r a i n f a l l  a t  the cen te r  o f  the convective storms (m).
A fte r  the  va lue  o f  m has  been determined, Eq. 2 is  used to specify  the 
r a i n f a l l  d i s t r i b u t i o n  o f  convective storms th a t  a re  d i s t r i b u t e d  throughout
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the  g r id  system using a  s t a t i s t i c a l  p rocess .  The s t a t i s t i c a l  process 
makes use of a cum ulative frequency d i s t r i b u t i o n  which is  determined with  
the p r o b a b i l i t y  d i s t r i b u t i o n  of a  storm being cen te red  a t  any o f  the g r id  
p o in ts  in the ecosystem. The p r o b a b i l i ty  fo r  a storm to be loca ted  a t  
a g iven  p o in t  in  the  ecosystem in c re ase s  43% going south from the northern  
boundary o f  the  ecosystem to the southern boundary. S im i la r ly ,  there  i s  
a 43% inc rease  going e a s t  from the  w estern  boundary o f  the ecosystem to  
e a s te r n  boundary. This p a r t i c u l a r  frequency d i s t r i b u t i o n  i s  used to 
s im ula te  the r a i n f a l l  p a t t e r n  observed in  c e n t r a l  Oklahoma. The cumu­
l a t i v e  frequency d i s t r i b u t i o n  i s  used in  con junc t ion  with a re c ta n g u la r  
random number g e n e ra to r  to determine the  lo c a t io n  o f  in d iv id u a l  convec­
t iv e  c e l l s  ( techn ique i l l u s t r a t e d  in F ig . 8 ) .  The model has  the  c a p a b i l i ty  
o f  producing e i t h e r  c i r c u l a r  or e l l i p t i c a l  convective  storm r a i n  p a t te rn s .  
Such convective  storms are  o r ie n te d  with  the major ax is  p a r a l l e l  to the 
mean wind d i r e c t i o n .  The wind o r ie n te d  e l l i p t i c a l  r a i n f a l l  p a t t e rn s  a re  
ob ta ined  by r o t a t i n g  th e  coord ina te  system 0 degrees  ( r e la te d  to  the  wind 
d i r e c t io n )  and then so lv in g  fo r  A in Eq. 2 by d e f in in g  an e l l i p t i c i t y  
and using  the fo llow ing  th ree  equa tions .
A = ab
x^ /a^  + y V  = 1
where
e = a /b
A = a re a  o f  e l l i p s e  
a , b = the  semi-axes
e = the  e l l i p t i c i t y  ( s e t  equal to 1.66)
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The r a i n f a l l  a t  g r id  p o in ts  t h a t  have a i r  p o l lu t io n  concen tra t ion  above
3
a c r i t i c a l  l e v e l  (40 p,/in ) have the p re d ic te d  r a i n f a l l  amount increased 
by 10%. On days when the  convective shower mechanism i s  p red ic ted  to  
occur on ly  a t  p o in t s  w ith  h igh  a i r  p o l lu t io n ,  the  model simulated r a i n ­
f a l l  fo r  a l l  the g r id  p o in ts  in  the ecosystem.
R a in fa l l  amounts fo r  la rg e  sc a le  f r o n t a l  a c t i v i t y  are simulated 
f o r  each g r id  p o in t  by using  a Poisson d i s t r i b u t i o n  w ith  a mean va lue  
equal to  the  p r e d ic te d  mean va lue  fo r  the whole ecosystem. This Poisson 
d i s t r i b u t i o n  is  used in  con junc t ion  w ith  a random number genera to r  to  
determine g r id  p o in t  r a i n f a l l  va lues  ( techn ique i l l u s t r a t e d  i n  F ig . 8 ) .
Grid p o in t s  t h a t  show a i r  p o l lu t io n  l e v e l s  g r e a t e r  than a c r i t i c a l
3
value (40 p,/m ) have t h e i r  r a i n f a l l  amounts increased  by 10%. The 
p r e c i p i t a t i o n  a t  each g r id  p o in t  i s  then  m u l t ip l ie d  by a fa c to r  which 
takes  in to  account l o c a l  in f lu e n c e s .  The p r e c i p i t a t i o n  fa c to r  v a r i e s  
q u a n t i t a t i v e l y  a c ro s s  the  ecosystem in the same manner as the p r o b a b i l i t i e s  
fo r  lo c a t in g  convec tive  storms in  the  ecosystem.
The 10% in c re a s e  in  occurrence of r a i n f a l l  and the average r a i n ­
f a l l  amounts when th e  a i r  p o l lu t io n  l e v e l  i s  observed to be g r e a t e r  than
3
40 |i g/m is  inc luded  in  t h i s  model because o f  r e c e n t  s t a t i s t i c a l  
s tu d ie s  in d ic a t in g  t h a t  in  urban a re a s ,  th e re  i s  an increase i n  the  
p r o b a b i l i t y  fo r  the  occurrence  o f  r a i n f a l l  and a ls o  an increase  in  the 
r e l a t i v e  frequency fo r  la rg e  r a i n f a l l  amounts. The increase i n  the 
number of ICE NUCLEI a s so c ia te d  w ith  a i r  p o l lu t io n  i s  pos tu la ted  as 
one o f  th e  causes f o r  the  m o d if ic a t io n  of the  r a i n f a l l  p a t te rn  in  urban 
a re a s .  A f a i r l y  complete summary o f  the  r e c e n t  s tu d ie s  that look  a t  
the  in f lu e n ce  of urban a reas  upon the lo c a l  r a i n f a l l  p a t te rn  i s  p re ­
sented in an a r t i c l e  by Changnan (1969).
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Radia tion  Balance Model 
A m odif ied  v e rs io n  o f  a r a d ia t io n  balance  model suggested by 
Myrup (1969) i s  used to  p r e d ic t  hourly  va lues  of su rfa c e  and s o i l  temper­
a tu r e ,  n e t  r a d i a t i o n  h e a t  f lu x  and so la r  r a d i a t i o n .  The primary equa­
t io n  used in  the  model i s  the  energy balance equa tion  a t  the su rface  of 
the  e a r t h ,  which i s  w r i t t e n  as:
where
R = LE + H + S (3)n
R^ = n e t  r a d ia t io n  f lu x  ( la n g ly  min 
LE = upward l a t e n t  h e a t  f lu x  ( lang ly  min 
H = upward se n s ib le  hea t  f lu x  ( la n g ly  min 
S = downward f lux  o f  h e a t  in to  the  s o i l  ( lang ly  min
The terms on the  r i g h t  hand side o f  Eq. (3) are  de f in ed  p o s i t iv e  away 
from the  i n t e r f a c e .  P hys ica l  r e l a t i o n s h ip s  fo r  each o f  the parameters 
in  Eq. (3) a re  used to g e t  a c losed  s e t  of equa tions  t h a t  can be solved 
f o r  the su rfa c e  tem pera tu re .  Eq. (4) g ives  the n e t  r a d i a t i o n  term (R^).
R^ = E ' ( l  -  O ')  *T^-R^* (sincpsinô + coscpcosêcosy) -  IR^'F + SH
where
(4)
E = param eter th a t  m odifies  s o la r  r a d i a t i o n  as
fu n c t io n  o f  suspended p a r t i c u l a t e  m at te r  (non- 
d im ensional)
F = param eter which modifies the i n f r a r e d  ra d ia t io n  
lo s s  as a fu nc t ion  of lo c a l  c o n d i t io n s  (non- 
d im ensional)
O' = albedo (nondimensional)
T = tra n sm is s io n  c o e f f ic i e n t  fo r  the atmosphere 
(non-dimensional = .664)
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R = so la r  c o n s ta n t  (1 .98  Ly/min) o
cp = l a t i t u d e  ( rad ians)
6 = so la r  d e c l in a t io n  ( rad ians)
Y = so la r  hour angle ( rad ians)
IR^ = net in f r a re d  f lux  a t  the su rface  of e a r th  (Ly/min) 
SH = h e a t  added to the a i r  by man's a c t i v i t y  (Ly/min)
Eq. (5) (Haurwitz, 1941) i s  used to d e sc r ib e  albedo as a fu n c t io n  o f  
cloud cover.
a  = .17 +  .53C (5)
where
C = f r a c t i o n a l  cloud cover
The equa tion  fo r  n e t  in f r a r e d  r a d i a t i o n  f lux  (IR^) a t  the su rface  o f  the  
e a r th  i s  p resen ted  by Haurwitz (1941) and can be w r i t t e n  as
IR^ = (1 - .8C)IRj (6)
where C i s  the f r a c t io n a l  c loud cover and IR^ is  the long wave r a d i a t i o n  
from c le a r  sk ie s  which is approximated using Swinbank's formula (1963) 
th a t  can be w r i t t e n  as
IR j = .2447 -  .195oT^ (7)
where a  i s  the  S tefan  Boltzman c o n s tan t  and T i s  the abso lu te  tem pera tu re . 
Swinbank's formula (1963) f o r  IR^ is  approximated by using a q u a d ra t ic  
curve t h a t  ag rees  with the o r ig in a l  equa tion  w ith in  .3% and i s  w r i t t e n  as :




A = .739 X 10 ^ (Ly min  ^ °K 
B = - .2722  X 10"2 (Ly min"^ V ^ )  
C = .3550 X 10  ^ (Ly min
The tu rb u le n t  f lu x es  o f  l a t e n t  and se n s ib le  hea t  are w r i t t e n  as:
H = ( -a C p k V ln (2 /Z ^ ))ô e /B ln (Z )  (9)
LE = (-Lk^U/ln(Z/Z^))dq/ôln(Z) (10)
-2  -1H = tu rb u le n t  f lu x  of se n s ib le  h e a t  (ca l cm min )
LE = tu rb u le n t  f lu x  of l a t e n t  heat (ca l  cm“  ^ min
k = von Karman constan t (d im ensionless)
9 = p o te n t i a l  temperature (°C)
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a  = a i r  d e n s i ty  (.00123 gm/cm )
Cp = s p e c i f i c  h e a t  a t  c o ns tan t  p re s su re  (.240 cal g  ^ °C
L = l a t e n t  h e a t  o f  evapora tion  (597.3 cal g
Z = d i s ta n c e  from in te r fa c e  (cm)
q = s p e c i f i c  humidity (d im ensionless)
U = wind speed (cm/min)
= roughness leng th  (cm)
The equa tion  fo r  th e  f lu x e s  of l a t e n t  and s e n s ib le  hea t  are  derived as­
suming th a t  the tu rb u le n t  d i f f u s i v i t i e s  fo r  h e a t  and w ater  vapor are 
equal to the t u rb u le n t  d i f f u s i v i t y  of momentum f o r  near n e u tra l  s t a b i l i t y .  
The model a lso  assumes th a t  the tu rb u le n t  f luxes  o f  h e a t  and water vapor 
are  cons tan t  w ith  h e ig h t  in the boundary la y e r .  The s o i l  hea t  f l u x (es) 
i s  rep re sen te d  us ing  th e  fo llow ing equa tion .
where
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S = kg-Blg/ôZ (11)
-2  -1S = s o i l  h e a t  f lu x  (ca l  cm min )
Tg = s o i l  tem perature  (°C)
-1  -1 0 -1kg = s o i l  therm al c o n d u c tiv ity  (ca l  cm min C )
Z = s o i l  depth (cm)
The c a lc u la t io n  o f  the s o i l  h e a t  f lux  a t  any time r e q u i r e s  the so lu t io n  
o f  the  one d im ensional F o u r ie r  hea t  conduction e qua tion  given as:
âT g/ôt  = (kg/6gS^)(Ô^Tg/ÔZ^) (12)
where
t  = time (min)
6g = s o i l  d e n s i ty  (1.75 gm/cm )
-1 o -1= s p e c i f i c  h e a t  c apac i ty  ( c a l  gm C )
The va lue  of th e  s p e c i f i c  hum idity  (q^) w i th in  the canopy i s  es tim ated
using  the fo llow ing  equa tion ;
where
q^ = RH (3 .74  + 2.64 (T^/10)^) x lo"^  (13)
q^ = s p e c i f i c  humidity
RH = f r a c t i o n  of t o t a l  a rea  occupied by t r a n s p i r in g  p la n ts  
T^ = a i r  tem pera tu re  (°C)
The s o i l  therm al c o n d u c t iv i ty  (k^) and s p e c i f ic  hea t  ca p ac i ty  (S^) vary
as  fu n c t io n  o f  th e  s o i l  m o is tu re .  The fo llow ing  two equa tions  are  used
to  p r e d i c t  the  v a r i a t i o n s  of k and S as a  fu n c t io n  o f  s o i l  m o is tu re .s c
= 1-W +  .18 (1 -  W) (Munn, 1966)
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where
.00045 cal/cm sec i f SA< ,20
= ,00080 cal/cm sec i f ,40 > SA > .20
= .00100 cal/cm sec i f ,60 > SA > .40
= ,00300 cal/cm sec i f .80 > SA > .60
,0045 cal/cm sec i f SA > .80
W = r a t i o  o f  the  volume of s o i l  m o is tu re  to the volume 
of  the s o i l
SA = r a t i o  o f  the d i f f e r e n c e s  between the  observed s o i l  
m o is tu re  and th e  s o i l  m ois ture  a t  the w i l t i n g  p o in t  
to  the d i f f e r e n c e  between the s o i l  m ois ture  a t  f i e l d  
c a p a c i ty  and s o i l  m o is tu re  a t  the  w i l t i n g  p o in t .
The v a r i a t i o n  o f  k and S as a func t ion  o f  s o i l  m o is tu re  a re  determined s c
by using inform ation  p re se n ted  in  a book by Munn (1966). The equa tions  
in  the model a re  transform ed in to  a f i n i t e  d i f f e re n c e  format by using  
the physica l  model i l l u s t r a t e d  in F ig , 10. This model de fined  (cm) 
as the roughness len g th  and (3000 cm) as a h e ig h t  w e ll  above the canopy 
where th e  m eteo ro log ica l  c o n d i t io n s  can be assumed to be r e l a t i v e l y  con­
s ta n t .  The s o i l  tem pera tu re  a t  depth "2d" (30,48 cm) i s  c o n s ta n t  fo r  
each d a i l y  time s te p  w h ile  the  s o i l  tem perature  a t  depth "d" (15,24 cm) 
i s  c a lc u la te d  using h o u r ly  time s te p s .  The model a ls o  assumes t h a t  the 
a i r  tem perature  i s  i so th e rm a l  in the canopy from the  su rface  to  h e ig h t  
Z^. The v a lu e  o f  the  s p e c i f i c  humidity a t  Z^  (q^) i s  co n s ta n t  f o r  each 
d a i ly  tim e s te p  w hile  the tem pera ture  a t  Z  ^ (T^) i s  approximated u s ing  the 
fo llow ing  equation;
T2 = T^ + A-cos ((tt/12)(TM +  L))
where
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Zg = 30000 cm
= Roughness Length
Ground Surface
d = 15.24 cm
-  2d = 30.48 cm
F ig .  10. The p h y s ic a l  dimensions of the  r a d ia t io n  balance 
model a re  p resen ted  in t h i s  f ig u re .
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Tg = average d a ily  tem perature a t  30000 cm (°C)
TM = tim e o f day (hours)
L = la g  o f maximum tem perature  a t  1000 f t  ( 6 hours)
A = am plitude o f cosine wave (nondim ensional)
The phase o f the  c o s in e  wave is  such th a t  the maximum tem perature w il l  
occur in  th e  l a t e  a fte rn o o n . Using th is  model, the  f i n i t e  d if fe re n c e  
equa tions  fo r  Eq, (9 ) ,  (10 ), (11), (12) become;
H = ( - 6C p A 2/ ( ln ( Z y z ^ ) ) ^ )  (T ^ +  - T^) (14)
where
LE = (- lk ^ U ^ /( ln (Z ^ Z ^ ))^ (q ^  -  q^) (15)
S = ( -kg /d )(T g  -  T J  (16)
Tg = ( k / 6  (T^^ +  2 1 ^ '  ^  d ? )
+  At-k /(6  s d ^ ) l  +  T V (1  + A t 'k  / (6  s d f ) )  s s c s s s c
F j  = d ry  a d ia b a tic  lapse  r a t e  (.0001°C cm ^)
Ug = wind speed a t  30000 cm (cm/sec)
= a i r  tem pera tu re  w ith in  th e  canopy fo r  tim e " t"  (°C)
= s p e c i f ic  hum idity a t  
q^ = s p e c i f ic  hum idity w ith in  the canopy 
Tg = s o i l  tem perature a t  dep th  "d" f o r  time " t "  (°C)
Ty = s o i l  tem perature a t  dep th  "2d" (°C)
Tgl = s o i l  tem peratures a t  dep th  "d" fo r  time t  - At (°C) 
t 1 = a i r  tem pera tu re  w ith in  the  canopy a t  tim e t  -  At (°C) 
At = in te g r a t io n  time step  (3600 sec)
At^ = in te g r a t io n  time step  used to  so lve  fo r  (1800 sec)
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Equation 3 , 4 , 5 , 6 , 8 , 13, 14, 15, 16, and 17 com prise a complete s e t 
which can be so lved  fo r  by determ ining the ro o ts  of a quad ra tic  equa­
t io n .  The in p u t param eters needed to  so lve  the  model include:
1) d a te ,  l a t i t u d e  and atm ospheric tran sm iss io n  c o e f f ic ie n t .
2) h o u rly  wind speed a t  1000 f t ,  24-hour average tem perature
and s p e c if ic  hum idity  a t  1000 f t ,  average d a i ly  suspended
p a r t i c u la te  c o n c en tra tio n  (p,g/i.i^) and the average d a ily
s o i l  tem pera tu re  a t  12 inches (T ,) .b
3) roughness le n g th , s o i l  h ea t cap ac ity  and c o n d u c tiv ity , and 
th e  f r a c t io n  o f the  to ta l  a re a  occupied by tra n s p ir in g  
p la n ts  (RH).
The average  cloud cover and hourly  wind speed a t  1000 f t  a re  p re ­
d ic te d  by th e  a tm ospheric model. The average v a lu es  of T^, q^ and T^ a re  
p re d ic te d  u sin g  m onthly clim ato logy  d a ta  th a t  i s  l in e a r ly  in te rp o la te d  to 
determ ine d a ily  v a lu e s . The value o f RH is  approxim ated by using  the r a t io  
o f  a c tu a l ev ap o ra tio n  r a t e  to  the p o te n t ia l  é v a p o tra n sp ira tio n  r a te  (see 
Hydrology Model) on the  p rev ious day, w hile  the  suspended p a r t ic u la te  con­
c e n tr a t io n  i s  e s tim a ted  from the a i r  p o l lu t io n  model. The o th e r  param eters 
a re  fix ed  by th e  p h y s ic a l c h a r a c te r i s t ic s  o f the  given lo c a tio n .
The e f f e c t  of suspended p a r t ic u la te  m atte r on incoming s o la r  ra d ia tio n  
i s  in d ic a te d  by s e v e ra l re c e n t a r t i c l e s .  Roach (1961) and M onteith (1966)
3
show th a t  the  incoming s o la r  ra d ia tio n  i s  decreased  by 1% fo r  every 10 p,g/m 
o f suspended p a r t i c u l a te  m a tte r . The above r e la t io n s h ip  is  used in  th is  
model to  modify incoming s o la r  r a d ia t io n .  The e f f e c t  o f lo c a l  in flu en ces  
and suspended p a r t i c u la te  m atte r on the in fra re d  ra d ia tio n  lo s s  is  a lso  
considered  in  the  model by using the  F param eter (Eq. 4 ) .  The lack  of 
understand ing  concern ing  th e  p rocesses a f f e c t in g  the  in fra re d  ra d ia tio n  loss 
make i t  d i f f i c u l t  to  de term ine  reasonab le  va lues  fo r  F.
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T his lac k  o f understand ing  i s  i l l u s t r a t e d  by comparing two 
a r t i c l e s  which d isc u ss  th e  e f f e c t  of p a r t i c u la te  m a tte r  on th e  IR^ 
r a d ia t io n  b a la n c e . An a r t i c l e  by Roach (1961) in d ic a te s  th a t  the  
haze la y e r  has the e f f e c t  o f  warming up th e  a i r  w h ile  an a r t i c l e  by 
Shepard (1958) in d ic a te s  th a t  the haze la y e r  has th e  e f f e c t  o f coo l­
ing  the  a i r .  C onsequently , in  the p re se n t s tu d y , th e  F param eter in 
Eq, 4 i s  used to  e s tim a te  the  consequences of m odifying the in f ra re d  
h e a t  lo s s .
The o u tp u t from the  ra d ia t io n  balance model in c lu d es  an hourly  
fo re c a s t  o f a i r  and ground tem pera tu re , th e  s o la r  r a d ia t io n ,  and the 
n e t  r a d ia t iv e  h e a t f lu x  a t  th e  in te r fa c e  on a 20 x 20 g r id  netw ork.
Urban Wind Model
The urban wind model i s  developed to  s im u la te  the wind f ie ld  
g e n e ra ted  by th e  urban h e a t is la n d . The urban h e a t is la n d  r e f e r s  to 
th e  urban r u r a l  tem pera tu re  d if fe re n c e  s tu d ie d  by many au thors 
Duckworth and Sandberg (1954), Sundborg (1950), and B ronste in  (1968). 
The r e s u l t s  o f th e  a r t i c l e s  in d ic a te  th a t  the  urban  tem perature  excess 
i s  g r e a te s t  in  th e  e a r ly  morning hours w ith  l i g h t  wind and c le a r  sky 
c o n d it io n s . The wind p a t te r n  induced by the  urban r u ra l  hea t is la n d  
i s  dynam ically  s im ila r  to  th e  sea b reeze  c i r c u la t io n .  The urban wind 
p a t te rn  i s  conside red  as a p e r tu rb a tio n  on th e  la rg e  sc a le  wind p a tte rn  
and i s  p r im a r i ly  s ig n i f ic a n t  when the  la rg e  s c a le  wind speed i s  le s s  
th an  5 k t s .  An a r t i c l e  by Poo ler (1963) g iv es  observed da ta  which 
in d ic a te  th a t  th e  urban h e a t  is la n d  wind p a t te r n  can be s ig n i f ic a n t  
when the  la rg e  s c a le  p re ssu re  g ra d ie n t is  weak (wind speed < 5 k t s ) .
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F ig u re  11 i l l u s t r a t e s  an id e a liz e d  model o f the tem perature  
s t r u c tu r e  a s so c ia te d  w ith  the  urban ru ra l  h e a t  i s la n d .  This model 
assumes th a t  th e  a i r  w ith in  the h e a t is lan d  bubble (see  F igu re  11) is  
warmer than  th e  env ironm enta l a i r  o u tsid e  o f  the  bubb le . The a i r  
tem pera tu re  d e c re a se s  from a maximum value a t  th e  c e n te r  o f the  hea t 
is la n d  bubble to  th e  environm ental tem perature  a t  the  edge of the  
bubble. O utside o f  th e  u rban  r u r a l  h ea t i s la n d  bubble the tem perature 
i s  assumed to  be h o r iz o n ta l ly  homogeneous and to  have a co n stan t lap se  
r a t e .  T his s im p l if ie d  model i s  based upon observed d a ta  p resen ted  in  
a r t i c l e s  on the  u rban  r u r a l  h e a t is la n d  w r i t te n  by Duckworth (1954) 
and B ro n ste in  (1968). The p re ssu re  p a tte rn  a t  th e  su rfa c e  of the 
h e a t i s la n d  bubble  i s  c a lc u la te d  by using eq u a tio n  18 and assuming th a t  
th e  p re ssu re  i s  c o n s ta n t on a h o r iz o n ta l  su rfa c e  tan g en t to  the  top of 
th e  h e a t i s la n d  dome.
P .(x ,y )  = P ^ ( l  -  6^Z (x ,y )/T ^ )^ /^^o  (18)
. (1 -  6^ (x ,y )* z (x ,y ) /T ^ (x ,y ) )
where 2\ ( x , y )  = p re s su re  a t  a p o in t (x ,y ) (mb)
P^ = s u rfa c e  p re ssu re  o u ts id e  o f the  dome (1000 mb)
c - 1
6^ = env ironm ental lap se  r a te  (.00003 K cm )
z (x ,y )  = h e ig h t o f th e  dome a t  p o in t (x ,y ) (30000 cm)
T^ = s u rfa c e  tem pera tu re  o u ts id e  the  dome (*K)
Ô£(x,y) = la p se  r a t e  in s id e  the dome a t  p o in t (x ,y) (.00006 C cm ^)
g = s p e c i f ic  gas constan t (.8704 x 10^ erg  gm ^ 'c  ^)
Tj^(x,y) = s u rfa c e  a i r  tem perature  w ith in  th e  dome a t
p o in t ( x , y ) . ( ’c)
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"Heat Is la n d  Bubble"




F ig . 11. Tem perature s t r u c tu r e  o f the urban h e a t is la n d  
(dashed l in e s  a re  iso therm s).
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Equation 18 i s  no t v a l id  i f  5^ = 0 o r 6j^(x,y) = 0; th e r e fo r e ,  equations 
19 and 20 a re  used re s p e c tiv e ly  when 6^ < .5 ”K/km and 6^ (x ,y ) < .5*K/km
P .(x ,y )  = *exp(-gz(x,y)/R T ) 1 0  o
•(1  -  6^ (x ,y ) • 2 (x ,y ) /T ^ (x ,y ) )
P ^ (x ,y ) = P ^ .( l  -  6^ * z(x,y)/T^)® ^^^o 
• exp (g*z(x ,y )/R «T ^(x ,y ))
(19)
(20)
The s teady  s t a t e  h o r iz o n ta l  equations of motion (eq u a tio n s  21 and 22) 
a re  so lved  in  c o n ju n c tio n  w ith  the  urban hea t is la n d  s u rfa c e  p ressu re  
p a t te rn  to  c a lc u la te  th e  urban wind f i e l d .
uôu/ôx + V âu/By - fv  + a  Bp/Bx -  = 0 ( 21)
u  Bv/Bx + V Bv/By + fu + O' Bp/Sy -  F^ = 0 (22)
where
u = zonal wind component (cm/sec)
V = m erid io n a l wind component (cm /sec)
•*1 3O' = s p e c i f ic  volume (gm cm )
_2
p = p re s su re  (dyne cm )
-3 -1f  = c o r i o l i s  param eter (.1 x 10 sec )
-1
F^= zonal f r i c t i o n  fo rc e  per u n i t  mass (dyne gm )
-1
Fy= m erid io n a l f r i c t i o n  force pe r u n i t  mass (dyne gm )
F and F a re  fu n c tio n  of lo c a t io n  in  the heat i s la n d  dome and are  
X y
given by th e  fo llow ing  equ a tio n s:
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= -K (x ,y )u  + A(ô^u/ôx^ + u/ôy^) (23)
= -K (x ,y )v  + A(ô^v/ôx^ + 3^ v/ôy^) (24)
w here K (x,y) (sec  ^) i s  the drag c o e f f ic ie n t  and "A" (5 x lO^cm^sec ^) 
i s  th e  h o r iz o n ta l  d if fu s io n  c o e f f ic ie n t .  K (x,y) i s  e s tim a ted  by using  
th e  fo llow ing  equation :
K(x,y) = .4  u * /( ln (z ^ /z ^ (x ,y )  + |  ( V ^ o ^ ^ a  (25)
where u* (4 .0  cm/sec) i s  the f r i c t i o n  v e lo c i ty ,  z ^ (400 cm) i s  the 
h e ig h t o f th e  anemometer, z^(x,y)(cm ) i s  th e  roughness le n g th  as a 
fu n c t io n  of lo c a t io n , (y(4.6) i s  a q u a s i-c o n s ta n t and 1(100 m)
i s  the  s c a le  h e ig h t .  Values of a, u* and L a re  determ ined from
ta b u la te d  d a ta  pub lished  in  an a r t i c l e  by Webb (1970). The roughness 
le n g th  i s  c a lc u la te d  u sin g  L e t ta u 's  eq u a tio n  (1969) g iven  below.
Zo(x,y) = .5 L (x ,y ) .S (x ,y ) /A (x ,y )  (26)
where
L (x ,y ) = mean h e ig h t of the roughness element (cm)
2
A (x ,y) = average h o r iz o n ta l  a re a  of the  roughness element(cm )
2
S (x ,y )  = s i lh o u e t te  a rea  o f the average roughness element (cm ) 
The urban  wind f ie ld  i s  c a lc u la te d  using  th e  fo llow ing  s te p s :
1) Determ ine the su rface  tem pera tu re  in s id e  th e  
h e a t is la n d  bubble by using r a d ia tio n  balance 
model.
2) Solve fo r  the su rface  p re ssu re  f ie ld  P (x ,y ) 
using  equa tions  18, 19, or 20 and then use 
equation  25 and 26 to  determ ine the drag 
c o e f f ic ie n t  f i e ld  (K (x ,y )) ,
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3) C a lc u la te  an i n i t i a l  guess f ie ld  of u and v 
and then so lv e  equations 21 and 22 fo r  the  
f i n a l  u and v f ie ld  by using  an in te r a c t iv e  
r e la x a t io n  p rocedure .
D e ta ils  o f the r e la x a t io n  technique and the  d e r iv a tio n  o f the equations
used in  th is  model can be found in  a re p o rt by Holyoke (1970).
I n te r a c t io n s  w ith  the  Ecosystem 
The atm ospheric model in te r a c t s  w ith  th e  r e s t  of th e  ecosystem 
by using  the fo llow ing  in p u t param eters;
1) r a t i o  o f the evapo ra tion  r a te  to  the  p o te n t ia l  
é v a p o tra n s p ira tio n  r a te  (EVAP/EP).
2) s o i l  m o is tu re  from 0 -  24".
3) A ir p o l lu t io n  em ission ra te  fo r  the 16 f a c to r ie s  
(Q ^x-i = 1, 2, ..........16)
EVAP/EP i s  used to  e s tim a te  the  percentage of a rea  f re e ly  evapora ting  
w a te r(R ad ia tio n  Balance m odel), w h ile  the s o i l  c o n d u c tiv ity  and s p e c if ic  
h ea t ca p ac ity  a re  fu n c tio n s  o f the  s o i l  m oistu re  from 0 - 2 4  in ch e s .
The va lu es  of Q^x a re  determ ined by the  a i r  p o l lu t io n  c o n tro l model 
(see th e  execu tive  ro u tin e  d e s c r ip tio n )  which c a lc u la te s  a llow ab le  
a i r  p o l lu t io n  em ission r a te s  (Q^x) as a fu n c tio n  o f the  d e s ire d  p ro ­
d u c tio n  le v e l  fo r  in d u s try  and the atm ospheric param eters (wind speed 
and d ire c t io n  and cloud c o v e r) .
Hydrology Model
The hydrology model i s  concerned w ith  th e  asp ec ts  of the hydro­
lo g ie  cyc le  th a t  in flu e n c e  th e  ev o lu tio n  o f an u rb a n -ru ra l  ecosystem .
Most o f the  w ater r e la te d  param eters considered  by the  ecosystem  are  
s im u la ted . The s t r u c tu r e  i s  based upon em p irica l r e la t io n s h ip s  derived  
from a comprehensive l i t e r a t u r e  se a rc h . The hydrology model i s  d e te rm in is t ic
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in  s t r u c tu r e ,  although the prim ary in p u t v a r ia b le s  a re  sim ulated  by 
th e  b a s ic a l ly  s to c h a s tic  atm ospheric m odel.
The param eters p re d ic te d  by the hydro logy  subsystem  are  l i s t e d  
below:
p o te n t ia l  é v a p o tra n sp ira tio n  
ev apo ra tion  from s o i l  su rfa c es  
evapo ra tion  from the  lake  su rface  
storm  ru n o ff 
i n f i l t r a t i o n
s o i l  m o is tu re  fo r two la y e rs  (0-24" and 25-48") 
ground w a te r recharge 
lake le v e l
r iv e r  system  flow r a t e  
w ater p o l lu t io n
The tim e sc a le s  o f most o f th e  hydrology param eters a re  the  same as the 
tim e sc a le s  of the  a f fe c tin g  atm ospheric v a r ia b le s .  R iver and stream  
flow  r a te s  and w ater p o l lu t io n  are  p re d ic te d  fo r s p e c if ic  p o in ts  along 
th e  r iv e r  system using  hou rly  time s te p s ,  w hile  th e  rem aining param eters
2
a re  sim ulated  fo r  each g r id  p o in t of a 32 x 32 g r id  (mesh s iz e  = 4 x 4 mi ) 
u s in g  a 24-hour time s te p . F igu re  3 shows the layou t of the r iv e r  system  
and the  lo c a tio n  o f lake in  re fe re n c e  to  the urban a re a . F igure 12 shows 
a flow  diagram  of the hydrology model and a complete l i s t i n g  of a l l  of 
th e  param eters co n sid e red . A d e ta i le d  d e s c r ip t io n  of techniques used to  
p r e d ic t  th e  v a rio u s  param eters w i l l  fo llo w .
P o te n t ia l  E v a p o tra n sp ira tio n  i s  d e fin e d  as th e  amount of evapo ra tion  
which would occur were th e re  an adequate s o i l  m o istu re  supply a t  a l l  
tim e s . A review o f the  l i t e r a t u r e  in d ic a te s  th a t  th e re  a re a  v a r ie ty  of 
methods fo r  e s tim a tin g  p o te n t ia l  é v a p o tra n s p ira tio n  r a te  (Chow, 1964;
K oler and R ichards, 1962; C a r tm ill ,  1970). Penmans form at (1948) i s  
used in  th is  model because i t  e s tim a te s  th e  p o te n t ia l  é v a p o tra n sp ira tio n  



































Fig. 12. Hydrology model flow diagram.
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param eters p re d ic te d  in  atm ospheric model (wind speed, cloud cover, 
r e l a t i v e  hum idity , su rfa c e  a i r  tem pera tu re  and s o la r  r a d ia t io n ) .  Penm an's 
equa tion  is  w r i t te n  as:
where
E = .3 5 (C ^ -C j)( l + 0.0098W^)
H = R (1-y) (0 .1 8  + 0.55CL) - B (0.56 - .092C^)(0.10 + 0.9OCL)
Ep = é v a p o tra n sp ira tio n  (mm/day)
H = d a i ly  h e a t budget a t  su rfa c e  (mm/H^O)
E = d a i ly  ev apo ra tion  (mm)
A = slope  o f s a tu ra te d  vapor p re ssu re  curve o f a i r  a t 
a b so lu te  tem peratu re  °F.
C = s a tu ra t io n  vapor p re ssu re  a t  mean a i r  tem perature 
in  mmHg
Cj = a c tu a l  vapor p re ssu re  in  mmHg
= mean wind v e lo c i ty  a t  2 m eters above the ground 
in  m iles /d ay
R = mean monthly e x t r a t e r r e s t r i a l  r a d ia tio n  in  mm 
o f w ater evaporated  p e r  day
V = albedo o f the  su rfa c e  (.20)
CL = the  percen tage  o f tim e when th e re  was no cloud 
cover (0- 1)
B = a c o e f f ic ie n t  depending upon th e  a i r  tem perature 
(B = aT^ where T equa l the average a i r  tem perature 
in  ”k and a=2,01 x 10"^ mm/day)
E vaporation  r a t e  i s  shown to  be a fu n c tio n  of many param eters.
Cowan (1962) in d ic te d  th a t  the  ev ap o ra tio n  r a t e  i s  a fu n c tio n  of
ro o t d e n s ity , p o te n t ia l  é v a p o tra n sp ira tio n  r a te  and the  s o i l  water
p o te n t ia l .  Denmead and Shaw (1962) found th a t  the  evapora tion  ra te  is
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a fu n c tio n  o f  s o i l  m o is tu re  c o n te n t, and p o te n t ia l  é v a p o tran sp ira tio n  
r a t e ,  w h ile  Gardener (1960) in d ic a te d  th a t evapo ra tion  ra te  i s  a fu n ction  
o f s o i l  s u c tio n , su c tio n  in  the  l e a f ,  s o i l  w ater co n te n t and s o i l  type. 
Cooper (1969) in d ic a te s  th a t  the  evapora tion  r a te  i s  eq u iv a len t to  the 
p o te n t ia l  é v a p o tra n s p ira tio n  r a te  u n t i l  th e  s o i l  w a te r p o te n t ia l  
d e c re a ses  below -4  b a rs . Zahner (1966) showed th a t  fo r  s o i l  w ater 
p o te n t ia l  le s s  than -4  b a r s ,  the  evapora tion  r a te  i s  alm ost p ro p o rtio n a l 
to  the  m o is tu re  co n ten t o f  the  s o i l  fo r s o i l  m o istu re  co n d itio n s  down 
to  the w i l t in g  p o in t .  This model uses the id eas  p resen ted  by Cooper 
(1969) and Zahner (1966) to  es tim a te  evapora tion  r a t e .  The evapora tion  
r a t e  p roceeds a t  the  p o te n t ia l  é v a p o tran sp ira tio n  r a t e  u n t i l  th e  s o i l  
w ater p o te n t ia l  dec reases  below -4 b a rs . The evapo ra tion  ra te  then 
d e c reases  l in e a r ly  as a d i r e c t  function  of the  r a t i o  o f a v a ila b le  s o i l  
m o is tu re  to  th e  a v a ila b le  s o i l  m oisture c a p a c ity . The a v a ila b le  s o i l  
m o is tu re  i s  eq u a l to  the  d if fe re n c e  between the  a c tu a l  s o i l  m o istu re  
co n ten t and th e  s o i l  m o istu re  con ten t a t  th e  w il t in g  p o in t. The a v a ila b le  
s o i l  m o is tu re  c a p a c ity  i s  equal to  the  d iffe re n c e  between the s o i l  
m o is tu re  c o n te n t a t  th e  f i e ld  ca p ac ity  and the s o i l  m oisture co n ten t 
a t  the  w i l t in g  p o in t .  F igu re  13 p resen ts  a g ra p h ic a l re p re s e n ta tio n  
o f  t h i s  model fo r  the  s o i l  types considered . The evapora tion  r a te  fo r  
a given s o i l  type is  c a lc u la te d  by using th e  r a t io  o f th e  a v a ila b le  
s o i l  m o is tu re  to  th e  a v a ila b le  m oisture c a p a c ity  (F igu re  13) to  determ ine 
th e  r a t i o  of th e  e v ap o ra tio n  r a te  to  the p o te n t ia l  é v a p o tra n sp ira tio n  
r a t e  (EVAP/EP), The ev ap o ra tio n  r a t e  (EVAP) i s  then  determ ined by 
m u ltip ly in g  EVAP/EP by the p red ic ted  ra te  o f p o te n t ia l  é v a p o tra n sp ira tio n . 




















AVAILABLE SOIL MOISTURE/AVAILABLE SOIL MOISTURE CAPACITY
F ig . 13. Graph used to  e s tim a te  evapora tion  r a t e  as fu n c tio n  
o f a v a ila b le  s o i l  m o istu re  and s o i l  ty p e . This 
graph i s  based upon in form ation  p resen ted  in  a r t i c l e s  
by Cooper (1969) and Zahner (1966).
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w ate r from land su rfa c e s  th a t  a re  covered w ith  l iv e  v e g e ta tio n  
( t r a n s p i r a t io n  w ater l o s s ) .  A method of e s tim a tin g  evapora tion  
r a t e  from b a re  s o i l  and s o i l  th a t  has n o n -liv e  v e g e ta tio n  (EVAES) 
i s  devised  from in fo rm ation  in  a paper by Cooper (1969), The techn ique 
used  i s  to  evaporate a t  the p o te n t ia l  é v a p o tra n s p ira tio n  r a te  u n t i l  
th e  a v a ila b le  w ater in  the top 6 inches o f s o i l  (ES^g) i s  evaporated  
and then s e t  the r a te  equal to  z e ro . This model does n o t co n sid e r th e  
upward t r a n s f e r  of w a te r by c a p i l la r y  a c tio n  o r  w ater vapor t r a n s f e r .
The s o i l  m o is tu re  c h a r a c te r i s t i c s  fo r  th e  fo u r s o i l  types considered  
by th e  model are  p resen ted  in  Table 3 .
E vaporation from th e  lake  s u rfa c e  i s  c a lc u la te d  from Equation 28 
(Harbeck, 1954).
EVAPI = ,00177 w(e^ -  e ^ )* l ,1 5  (28)
where
EVAPI = evap o ra tio n  (in ch es/d ay ) 
w = mean wind speed (mph)
e^ = maximum vapor p re ssu re  (mb) a t  the  la k e  su rface  
e^ = a c tu a l  vapor p re s su re  (mb) o f the  a i r  a t  1 ,5  m eters
Storm ru n o ff can be p red ic te d  u sing  a v a r ie ty  of techniques (Kohler 
and R ich ard s , 1962; C a r tm il l ,  1970; Palm er, 1965; and Chow, 1964), This 
model uses a technique suggested by th e  U.S. S o il  S erv ice  (1957), 
E quation  29 p re d ic ts  storm  ru n o ff  as a fu n c tio n  o f t o t a l  storm  r a i n f a l l ,  
land u se , hydro log ie  c o n d itio n s  o f th e  s o i l  and s o i l  ty p e ,
KH .  (29)
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TABLE 3





C h a ra c te r is t ic s






W iltin g  P o in t 
( s o i l  m oistu re  % 
by volume)
26 9 10 5
F ie ld  C apacity  
( s o i l  m oistu re  % 
by volume)
41 27 18 9
TABLE 4
This tab le ^  i l l u s t r a t e s  the  v a r ia t io n  o f th e  "S" f a c to r  in  Equation 29 as 

















Clay 89 84 80 89
Commerce
S i l t
Loam
86 79 74 87
Hiwassee
S i l t
Loam
79 69 61 82
Lakeland
Sand 68 49 39 72




RN = storm  runoff (inches)
P = t o t a l  storm r a i n f a l l  minus the  in te r c e p t io n  (inches)
S = a f a c to r  which i s  a fu n c tio n  o f s o i l  ty p e , land use, 
and the  h y d ro lo g ica l c o n d itio n  o f the  s o i l  (see 
Table 4)
Storm ru n o ff  from an a re a  th a t  co n ta in s  s t r e e t s  and b u ild in g s  ( c i ty  area) 
i s  c a lc u la te d  u sin g  th e  fo llow ing  eq u a tio n ,
RNCIT = RN*(l-CITp + RAIN..80*CIT^
where
RNCIT = storm  ru n o ff  from a re g io n  th a t  i s  p a r t  of the c i ty .
RN = storm  ru n o ff  from the  reg io n  no t occupied by 
the b u ild in g  and s t r e e t s .
CIT. = r a t i o  o f a re a  occupied by b u ild in g  and s t r e e t s  
to  the t o t a l  a rea  fo r  the i t h  la rg e  c i t y  b lo ck ,
RAIN = r a i n f a l l  on a p a r t i c u la r  g r id  p o in t.
In te r c e p t io n  i s  c a lc u la te d  by using  E quation  30, This eq u a tio n  i s  
known as  H o rto n 's  Equation (Bruce and C la rk , 1966),
INTER = a + bp” (30)
where
INTER = in te rc e p tio n  (inches)
P = t o t a l  storm  r a i n f a l l  ( in ch es)
a ,b ,n  = c o n stan ts  which a re  a fu n c tio n  of v e g e ta tio n  
h e ig h t and ty p e ,
(a = ,005h, b = ,08h , n = 1 , h = h e ig h t of v e g e ta tio n  ( f t ) —fo r  meadowgrass)
(a = ,05h , b = ,05 h , n = 1, h = h e ig h t of v e g e ta tio n  ( f t ) —fo r  sm all g rain  crops)
In te rc e p tio n  lo s s  i s  equal to  zero  fo r  reg io n s  th a t  co n ta in  bare  s o i l ,  while
the  in te r c e p t io n  w ater lo ss  by s t r e e t s  and b u ild in g s  i s  not co n s id e red .
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I n f i l t r a t i o n  i s  estim ated  by using  Equation 31. T h is  equa tion  
i s  used to  determ ine the t o t a l  amount of w ater i n f i l t r a t e d  in to  the 
s o i l  m o istu re  la y e r  from 0 -  24" fo r  24-hour time p e r io d s . The model 
la y e r  (0 -  24"), and storm  ru n o ff  a l l  occur during the same tw enty- 
fo u r  hour time p e r io d .
where
IN = SR -  .85 • INTER -  RN (31)
IN = i n f i l t r a t i o n  (inches)
SR = storm r a i n f a l l  (inches)
S o il  m o is tu re  i s  p red ic te d  fo r  a two la y e r  model (0 -  24" and 
25 -  4 8 " ) . This two lay e r  model i s  used because of e m p iric a l f ie ld  
ev idence  in d ic a tin g  th a t  th e  s o i l  ev apo ra tion  lo ss  is  confined  p rim a rily  
to  the  top 24" o f the  s o i l  (C a rtm ill, 1970), The s o i l  m o istu re  
a v a i la b le  fo r  ev apo ra tion  from the  top two la y e rs  (SMT, SMB) i s  p re ­
d ic te d  using  eq u a tio n s  32 and 33,
where
SMT = SMTI -  EVAPZ + IN - DRANT + IRG (32)
EVAPZ = EVAP-ST + EVABS-SBS
SMT = s o i l  m oistu re  in  top la y e r  ( in ch es)
SMTI = s o i l  m oisture  from previous tim e s te p  (inches)
EVAPZ = e v ap o ra tio n  from the s o i l  (in ch es) by
t r a n s p ir a t io n  and by the base s o i l  techniques
DRANT = d ra in ag e  from the  top lay e r ( inches)
IN = i n f i l t r a t i o n  (inches)
IRG = w ater added to  the  s o i l  by i r r i g a t io n  (inches)
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EVAP = t r a n s p ir a t io n  w ater lo ss  (inches)
EVABS = w ater lo ss  from bare s o i l  (inches)
ST = r a t i o  o f th e  a re a  occupied w ith  f r e e ly
t ra n s p ir in g  p la n ts  to the  t o ta l  a rea
SBS = r a t i o  o f the  a re a  occupied w ith base s o i l
o r dead p la n ts  (n o n -tran sp irin g ) to  t o t a l  
a re a  ( th e  t o t a l  a rea  r e fe r re d  to by ST and 
SBS i s  the  a re a  no t occupied by s t r e e t s  
and b u ild in g s )
SMB = SMBI + DRANT -  DRANB (33)
where
SMB = s o i l  m o is tu re  in  bottom lay e r  (inches)
SMBI = s o i l  m o is tu re  from previous time s te p  (inches)
DRANB = d ra in ag e  from bottom  lay e r in to  th e  ground 
w ater ( inches)
This s im p lif ie d  model assumes th a t  the recharge r a t e  fo r the 
ground w ater i s  equal to  the  d ra in ag e  from the bottom s o i l  m o istu re  
la y e r .  The s o i l  m o istu re  i s  only  sim ulated  for the p a r t  of each g r id  
p o in t th a t  does no t c o n ta in  c o n c re te , a sp h a lt o r  houses,
A l i t e r a t u r e  search  in d ic a te d  th a t  there  a re  a v a r ie ty  o f equations 
fo r  e s tim a tin g  s o i l  m oistu re  d ra inage  (Gardner, 1968; Ogata and R ichards, 
1957; and B lack, G ardner, and T h u r te l l ,  1969), In most o f the  equa­
t io n s  the d ra in ag e  i s  a fu n c tio n  of s o i l  m oisture con ten t and s o i l  
ty p e . This model u ses B lack, G ardner, and T h u r te l l 's  equation  (1969) 
fo r  p re d ic tin g  d ra in ag e  (Equation 34 ),
DRAN = C-EXP(.7(S-D)) (34)
where
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D = (-1 .6  +FLD)
FID = the  f i e ld  cap ac ity  fo r  the  s o i l  type (cm of 
w ater fo r  a 24 inch s o i l  la y e r)
DRAN = d ra in ag e  from a lay e r of s o i l  (cm/day)
S = s o i l  m o is tu re  fo r  the 0-24 inch  la y e r  (cm)
C =
^\21 fo r  sharkey clay  
.25  fo r  commerce s i l t  loam 
.30  fo r  Hiwassee sandy loam 
.35 fo r  Lakeland sand
The s o i l  m o istu re  from 0 - 6  inches i s  a lso  p red ic te d  by th e  model.
T his s o i l  m o istu re  la y e r  re c e iv e s  w ater by the  i n f i l t r a t i o n  o f  r a in  
w a te r  (Equation 31) and lo se s  w ater a t  the p o te n t ia l  é v a p o tra n s p ira tio n  
r a t e  u n t i l  e v ap o ra tio n  w ater lo s s  from the la y e r  exceeds th e  c r i t i c a l  
v a lu e  (ES^g) th a t  i s  a fu n c tio n  of th e  p o te n t ia l  é v a p o tra n s p ira tio n  
r a t e  (ES, =1.0" fo r  E < .0 8 " , ES, =.85" fo r  .16 >  E >  .0 8 " , and1/  p iz  p —
E S i2= .75" fo r  E^ > .1 6 " ) .  The ev apo ra tion  from t h i s  la y e r  i s  s e t
eq u a l to  zero  a f t e r  th e  amount o f  a v a ila b le  w ater in  the  la y e r  i s
l e s s  than or equal to  (l-E S ^g ). S o il w ater d ra in ag e  from t h i s  lay e r
i s  n o t co n sid e red . The a v a i la b le  s o i l  m oisture in  the la y e r  i s  not
allow ed to  be g re a te r  than  1 in ch  and is  never allow ed to become
n e g a tiv e . The a v a ila b le  s o i l  m o is tu re  does not exceed 1 inch  because
th e  model assumes th a t  th e  f i e l d  cap ac ity  i s  exceeded w ith  a v a ila b le
s o i l  m o istu re  c o n d itio n s  g re a te r  than 1 in ch . I f  the  a v a i la b le  s o i l
m o is tu re  exceeds 1 in ch , then th e  excess w ater (a v a ila b le  s o i l  m oistu re
1 inch ) d ra in s  in to  th e  lower la y e r  ( s o i l  m o istu re  from 0 - 2 4  in c h e s ) .
The s o i l  m o is tu re  from 0 - 6  inches i s  c a lc u la te d  independent o f the
s o i l  m o istu re  from 0 - 2 4  inches and 25 - 48 in ch e s .
The la k e  le v e l  i s  es tim a ted  using  equation  35, This model assumes
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th a t  th e  la k e  has a co n stan t a rea  and uniform  depth  of w ater and no 
w ater f lu x  through the bottom  or s id e s .
where
LK = LKI -  EVAPl/12 + RN + RNET (35)
LK = lak e  le v e l  ( fe e t)
LKI = lak e  le v e l  from p rev ious tim e s te p  ( f e e t)
EVAPI = ev ap o ra tio n  from la k e  su rfa c e  (inches)
RN = ru n o ff  in to  the lake  ( fe e t)
RNET = change in  the  lake le v e l  due to  d if fe re n c e
between the  flow of w ater in to  the  lak e  and th e  
flow  of w ater from th e  dam in to  the  r iv e r  ( f e e t)
The r iv e r  and stream  flow  r a te s  a re  c a lc u la te d  a t  seven s p e c if ic  p o in ts  
along  th e  r iv e r  system u sin g  a  two hour tim e s te p .  The flow r a te s  a re  
determ ined by b reak ing  th e  ecosystem  up in to  sm all w atersheds of about 
900 sq m iles  and then c a lc u la t in g  the c o n tr ib u tio n  each w atershed made 
to  the  stream  flow r a t e s .  The stream s then  flow  in to  the r iv e r .
F igu re  14 shows the p o s it io n  o f the  stream s and r iv e r  and a ls o  in d ic a te s
th e  lo c a t io n  of sm all w atersheds (the  a rea  enclosed  in  the  dashed l in e  
b locks a re  the  w atershed a r e a s ) . Water flow s in to  th e  lake  (P o in t 1) 
a t  a c o n s ta n t r a t e  (Function  o f tim e o f  year) and then  flow s out of 
th e  dam in to  th e  r iv e r  (P o in t 2) a t  a r a te  c o n tro l le d  by the  w ater 
c o n tro l  model (see  d e s c r ip tio n  of Executive R o u tin e ) . The w ater
c o n tro l  model a ls o  determ ines the amount o f w ater used by th e  consumers.
The w ater used by the consumers ( c i ty ,  in d u s try  and a g r ic u l tu re )  is  
tak en  out of th e  r iv e r  j u s t  below the  dam, w h ile  the  w ater p o l lu t io n  
em itted  and w a te r re tu rn ed  by consumers is  em itted  in to  the r iv e r  a t
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K *128 m iles
LAKE
128
m ile s -
Maiq River
F ig . 14. The p h y s ic a l c h a r a c te r is t ic s  of the  hydrology 
model a re  p resen ted  in  th is  f ig u re .  The a rea  
enc lo sed  in  the dashed l in e  b locks a re  the  
w atershed  a re a s . Numbers 1-7 r e f e r  to  the  
p o in ts  along the  r iv e r  where r iv e r  flow is  
c a lc u la te d .
66
t h i s  same p o in t .  The w ater p o l lu t io n  em itted  a t  th is  p o in t i s  simply 
advected down the r iv e r  w ith o u t m odifying th e  w ater p o llu tio n  concen­
t r a t i o n ,  The in d iv id u a l w atersheds use  the sy n th e tic  u n i t  hydrograph 
proposed by Mockus (1957) to  e s tim a te  th e  flow  r a te  vs time fo r  each 
r a in  storm . F igu re  15 i l l u s t r a t e s  th e  s y n th e t ic  u n it hydrograph used 
in  the  m odel. The flow  r a te  vs tim e i s  determ ined from Figure 15 by 
u sin g  the  va lues  of and T^ determ ined from the  follow ing eq u a tio n s .
^  (36)
I  = ,5D + 2.4D^ (37)p e
where
q^ = peak r a t e  of flow  fo r  a  given storm (CFS)
A = d ra inage  a re a  (sq  mi)
Q = average ru n o ff  in  inches
D = u n i t  hydrograph storm  d u ra tio n  (number of hours th a t  
r a i n f a l l  i s  observed)
T = e lapsed  tim e from th e  beginning o f the hydrograph 
^ to  the peak flow r a t e
D = d u ra tio n  o f ex c ess iv e  r a i n f a l l  (D^/3)
Equations 36 and 37 a re  p resen ted  in  Chow's Handbook of A pplied
Hydrology (1964). The va lue  o f i f  assumed to  be equal to  the
p re d ic te d  d u ra tio n  of the r a in  storm . V alues o f q and T are  c a lc u la te d
P P
f o r  the d i f f e r e n t  w atersheds and a re  th e n  used in  conjunction  w ith  the 
u n i t  hydrograph (F igu re  14) to  c a lc u la te  th e  flow r a te  vs tim e fo r  
each w atershed th a t  re p o r ts  m easurable storm  ru n o ff . The s t a r t  of 





F ig . 15. Non-dim ensional u n i t  hydrograph where q = r a te  of flow , 
= peak r a te  o f flow , T = time from beginning  of
hydrograph r i s e ,  and T = T a t peak r a te  (from Mockus, 
(1 9 5 7 )). P
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(TMI = tim e period  when r a i n f a l l  uccurs-hours) a f t e r  the  r a i n f a l l  
s t a r t i n g  tim e. The atm ospheric model p re d ic ts  the  s ta r t in g  tim e and 
d u ra tio n  fo r  a l l  the  r a in  sto rm s. The p ro g re ss iv e  average la g  technique 
i s  used to  ro u te  the  w ater down the stream s and through the r i v e r .  T his 
techn ique p re d ic ts  the  w ater flow  a t  th e  downstream p o in t by smoothing 
the  u n i t  hydrograph a t  the  upstream  p o in t using  a running mean over 
"n" hours (n=6 fo r  the  stream s, n=10' fo r  the  r iv e r )  and then lagging  
th e  m odified  u n i t  hydrograph by the number of hours i t  takes fo r  the 
w a te r to  t r a v e l  from the upstream  po in t to  the  downstream p o in t.
In te r a c t io n  w ith  the Ecosystem
The Hydrology model in te r a c t s  w ith  the  ecosystem  b y  using  the 
fo llow ing  in p u t param eters;
1) r a i n f a l l ,  r e l a t i v e  hum idity , cloud cover, wind speed, and 
average a i r  tem pera tu re .
2) s t a t e  o f th e  p la n ts  ( l iv e  or d e a d ) , h e ig h t of the  p l a n t s , 
and the  amount of w ater being added to  th e  s o i l  by 
i r r i g a t io n .
3) w a te r  flow ing from the dam and the  amount o f w ater flow ing 
a t  p o in t where the consumers take  th e i r  w ater out of the 
r i v e r .
2
4) th e  percen tage  o f a re a  in  each g r id  p o in t (mesh size=4x4 m iles ) 
th a t  co n ta in s  s t r e e t s  and b u ild in g s
The param eters  in  1 ) , 2 ) , 3) and 4) a re  sim ulated  by the  atm ospheric model, 
bo tany  model, w ater c o n tro l  model (see E xecutive R outine d e s c r ip tio n )  
and the  Urban model r e s p e c tiv e ly .
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Urban Model
The urban model i s  organized to  s im u la te  po p u la tio n  dynamics, 
changes in  the c h a r a c te r i s t i c s  of id e n t i f i a b le  s o c ie ta l  subgroups, land 
u s e , and in d u s t r ia l  development of an urban a re a . The model i s  p r im a rily  
concerned w ith  th e  p o p u la tio n  dynamics and the growth of a c i t y .  The 
c i t y  has s p e c if ic  boundaries and i s  d iv id ed  in to  suburbs which have 
boundaries w ith in  the  c i t y .  Both the  c i t y  and suburb boundaries move 
in  response  to  th e  e v o lu tio n  of the  urban a re a . Each suburb has c i t y  
b locks w ith in  i t ,  and a " s t a t i s t i c a l  man" re p re se n tin g  in d iv id u a ls  in  
a  p a r t ic u la r  suburb . S ubroutines determ ine the p o p u la tio n  fo r  every 
c i t y  b lock  and th e  c h a r a c te r i s t ic s  o f each in d iv id u a l in  th e  c i t y .  
A t t r ib u te s  are  subd iv ided  in to  d i f f e r e n t  c la s s e s  and a h isto g ram  of 
c la s s e s  i s  m aintained showing the number o f people in  each c la s s  fo r  
each suburb . The c h a r a c te r i s t ic s  g iven  a s t a t i s t i c a l  man a re  chosen 
from a frequency d i s t r ib u t io n  of p ro p e r t ie s  a sso c ia te d  w ith  the  suburb 
in  which he l iv e s .  The model prov ides two mechanisms (d if fu s io n  and 
d isco n tin u o u s movement) th a t  allow  a s t a t i s t i c a l  man to  move in  response 
to  the environm ental 'l iv a b i l i ty *  of h is  suburb. Each suburb in  the 
c i t y  keeps reco rds of the  lo c a l  p o p u la tio n  t o t a l ,  frequency  d i s t r ib u t io n  
o f c h a r a c te r i s t i c s ,  housing d i s t r ib u t io n ,  b i r t h  r a te s  and d ea th  r a t e s .  
T h is  urban model u ses both  s to c h a s tic  and d e te rm in is t ic  p ro cesses  in  
th e  s im u la tio n  o f e v o lu tio n  of the d i f f e r e n t  param eters c o n sid e red .
Some asp ec ts  o f the  s tr u c tu r e  of the  model have been in flu en ced  by 
F o r e s te r 's  Urban Dynamics Model (1970).
The urban model i s  designed to  c o n sid e r the e v o lu tio n  o f an urban 
a re a  fo r  p e riods  o f time up to  30 y e a rs  by u sing  one year tim e s te p s .
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The model can hand le  an urban a re a  which i s  contained  w ith in  a
36 X 26 sq mi re g io n . The model uses a la rg e  s c a le  6 x 6 g r id  (mesh 
2
s iz e  6x 6 mi ) in  which each g r id  p o in t i s  considered  a la rg e  c i t y
b lock . Each la rg e  c i t y  block is  subdivided in to  a sm all sc a le  16 x 16
2
g r id  (mesh s iz e  ,38x .38  mi ) in  which each g r id  p o in t i s  considered  
a sm all c i t y  b lock . Small c i t y  b locks a re  used as the b as ic  g r id  
s iz e  in  p o p u la tio n  dynamics o f the  urban model.
The flow  diagram  o f the  urban model (see  F ig u re  16) p a r t i t io n s  
th e  model in to  f iv e  d i f f e r e n t  se c tio n s  which in c lu d e ; 1) s t a t i s t i c a l  
man, 2) c i t y  and suburb b oundaries , 3) suburb dynamics, 4) p o p u la tio n  
dynamics and 5) in d u s try . Each o f these  se c tio n s  w il l  be d e sc rib ed  in  
d e ta i l  and the in te r a c t io n s  between them w i l l  be emphasized.
S t a t i s t i c a l  Man
A " s t a t i s t i c a l  man" i s  d efined  in  the  model as an in d iv id u a l 
who has seven a t t r i b u t e s  to  d e sc rib e  him. These seven a t t r ib u te s  




e d u c a tio n a l le v e l  
occupation  
fam ily  income 
h e a lth
Each o f th ese  a t t r i b u t e s  i s  d iv id ed  in to  d i f f e r e n t  c la s s  in te r v a l s .
Age is  d iv id ed  in to  seventeen f iv e -y e a r  c a te g o rie s  and one ca tego ry  fo r  
those over 85. Sex and race  a re  both d iv ided  in to  two c la s s  in te r v a l s  
(sex  — m ale, fem ale; race  — w h ite , non-w h ite ). Educational l e v e l  i s  
d iv ided  in to  e ig h t c la s s e s  which co n sid e r th e  number of years o f  schoo l
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Fig. 16. Flow diagram of t h e  Urban Model.
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com pleted. Occupation i s  d iv id e d  in to  four c la ss  in te rv a ls  th a t  
in c lu d e : m a n a g e ria l-p ro fe s s io n a l, worker,underemployed and unemployed.
The fam ily  income is  d iv id ed  in to  14 c a te g o rie s  of t o t a l  y e a rly  
fam ily  income. The m o r ta li ty  r a t e  per thousand p o p u la tion  i s  the  h e a lth  
param eter which is  d iv ided  in to  s ix  c la s s  in te rv a ls  o f m o r ta li ty  r a t e .
The in d iv id u a l suburbs m ain ta in  h istogram s th a t  reco rd  th e  number o f 
people  in  each c la s s  in te r v a l  a s so c ia te d  w ith  seven a t t r i b u t e s  of the  
people  l iv in g  w ith in  the su b u rb s . These h istogram s are  used to  c a lc u la te  
th e  frequency d i s t r ib u t io n s  o f  th e  p ro p e r tie s  of the people in  each 
suburb .
When people in  the  c i t y  move from one suburb to an o th e r, they 
c a r ry  th e i r  seven a t t r ib u t e s  w ith  them. The a t t r ib u te s  o f an in d iv id u a l 
a re  s e le c te d  from the  frequency  d i s t r ib u t io n  of the a t t r i b u t e s  a sso c ia te d  
w ith  th e  suburb from which he i s  moving by using the fo llow ing  s t a t i s t i c a l  
scheme. The ra c e , sex , e d u c a tio n a l l e v e l ,  h e a lth  and age c la s s  in te r v a l  
of an in d iv id u a l a re  s e le c te d  by u sing  random process in  con junction  
w ith  th e  frequency d i s t r ib u t io n s  o f th ese  a t t r ib u t e s .  The in d iv id u a l 's  
s ta tu s  in  the  working fo rc e  (member o r non-member) i s  determ ined as a 
fu n c tio n  of age and sex . I f  an in d iv id u a l i s  le s s  than 15 y e a rs  o ld , 
he i s  considered  a non-member of the  working fo rce  (unemployed). The 
s ta tu s  of people > 15 y ea rs  o ld  i s  determ ined by using  frequency  d i s ­
t r ib u t io n s  which r e l a t e  th e  sex and age of an in d iv id u a l to  p o s it io n  in  
the  working fo rc e . The s ta tu s  ca teg o ry  i s  chosen by u sing  a random 
p rocess  in  co n junc tion  w ith  th e  frequency d is t r ib u t io n  th a t  corresponds 
to  th e  sex and age of the in d iv id u a l .  I f  an in d iv id u a l i s  a non-member 
of th e  working fo rc e , h is  expected  fam ily income i s  chosen by using  a
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random p rocess in  co n ju n c tio n  w ith  the  income frequency d is t r ib u t io n  
o f the  in d iv id u a l 's  suburb . I f  the  in d iv id u a l i s  a  member of the 
working fo rc e , h i s  income i s  chosen as a fu n c tio n  o f h i s  education  and 
age. This i s  accom plished by using  frequency d i s t r ib u t io n  th a t  corresponds 
to  th e  age and e d u c a tio n  of the in d iv id u a l .  An in d iv id u a l who i s  a 
non-member of the  working fo rce  i s  assigned  to  the unemployable occupa­
t io n  c la s s  i n te r v a l .  The occupation  of the  members of the  working 
fo rc e  a re  chosen a s  a fu n c tio n  o f  sex and income by using  frequency 
d is t r ib u t io n s  th a t  r e l a t e  sex  and income to  the  occupation  of an 
in d iv id u a l .  The occupation  ca tego ry  i s  chosen by u s in g  a random process 
in  co n ju n c tio n  w ith  th e  frequency d i s t r ib u t io n  th a t  corresponds to  the  
sex and fam ily  income o f  an in d iv id u a l. The p re se n t model provided fo r 
movement of people in  groups of th re e .  I f  an in d iv id u a l i s  se le c te d  
to  move to  an o th er suburb , he takes w ith  him two o th e r  people th a t  have 
the  same r a c e , w e a lth , ed u ca tio n , fam ily  income and h e a l th .  The a t t r ib u te s  
of age and sex  fo r  the  two o th e r in d iv id u a ls  w i l l  be chosen randomly 
from the  a p p ro p r ia te  suburb frequency d i s t r ib u t io n s  of age and sex, 
w h ile  the  occupation  o f  the two in d iv id u a ls  i s  s e t  as unem ployable. The 
movement o f th re e  peop le  a t  a tim e i s  designed  to  s im u la te  the  movement 
o f fam ily  u n i t s .  The fam ily  u n i ts  th a t  move by th i s  techn ique  have a 
f i n i t e  p o s s ib i l i ty  of be ing  a l l  fem ale or a l l  m ale. The techn ique fo r  
moving fam ily  u n i ts  i s  designed to  minimize th e  computer time needed to  
move the  people around the  c i t y .  When a group of in d iv id u a ls  move 
from one suburb to  a n o th e r , they take  t h e i r  a t t r i b u t e s  from and place 
them in  the  h istog ram  o f the  a t t r ib u t e s  fo r  th e  suburb they  a re  moving 
to .
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In d iv id u a ls  born in  each suburb a re  given a t t r i b u t e s  randomly 
s e le c te d  from th e  frequency d i s t r ib u t io n  of a t t r i b u t e s  a sso c ia te d  w ith  
each  suburb . When an in d iv id u a l d ie s  in  the system , h is  a t t r ib u t e s  
(o th e r  than  age) are s e le c te d  randomly from th e  su b u rb 's  frequency 
d i s t r i b u t io n  o f a t t r ib u t e s  and then removed fo r  the  h istogram  of 
a t t r i b u t e s  a sso c ia te d  w ith  th e  suburb. The age o f a dead person  i s  
determ ined  by th e  p rocess d escrib ed  in  the  suburb dynamics su b sec tio n . 
The model i s  o rgan ized  so th a t  newborn people in  the  suburb can have 
t h e i r  a t t r i b u t e s  chosen from frequency d i s t r ib u t io n s  a s so c ia te d  w ith  
suburbs o th e r  than  th e i r  own.
C ity  and Suburb Boundaries
The urban model d e f in e s  the c i t y  and suburb boundaries using  the  
b a s ic  g r id  netw ork th a t  i s  used to  d e f in e  the  p o p u la tio n  o f the  c i t y .  
Each "sm a ll c i t y  block" i s  c la s s i f i e d  by means o f a num erical code. 
Three c la s s e s  e x is t ;  p a r t  o f a p a r t i c u la r  suburb a t  p re s e n t, a 
p o te n t ia l  p o r tio n  of a  suburb once th e  c i ty  has expanded to  in c lu d e  
th e  b lo c k , o r zoned fo r  non-urban u se . A suburb boundary i s  d e fin ed  
betw een two a d ja c e n t c i t y  b locks when th e  code o f two c i t y  b locks 
in d ic a te s  th a t  th e  b locks a re  in  d i f f e r e n t  su b u rb s . S im ila r i ly ,  a 
c i t y  boundary i s  defined  when the code o f  two a d ja c e n t b locks in d ic a te s  
th a t  one o f th e  b locks i s  p a r t  of th e  c i ty  and the  o th e r  block i s  n o t .
The c i t y  and suburb boundaries move in  response  to  the  g ra d ie n t 
o f  s t r e s s  a c ro ss  the boundary. The boundary s t r e s s  i s  a fu n c tio n  o f 
p o p u la tio n  d e n s i ty ,  land u t i l i z a t i o n ,  and r a c i a l  b a la n c e . E quation 
38 i s  used to  c a lc u la te  the  g ra d ie n t of s t r e s s .
where
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= A-^^y(LV) + B • V^(PD) + C • 9^ (R B ) (38)
Lg = l i v a b i l i t y  a t  th e  boundary between suburbs 
A,B,C = c o n tro l  c o n s ta n ts  (A=100, B=2.0, C=40)
PD = p o p u la tio n
LV = % of land  occupied by houses in  a suburb 
RB = non-w hite  p opu la tion  %
V = i ^  + j —
xy ax  -"ay
The boundary between two ad jacen t sm all c i t y  b locks moves one 
c i t y  block toward the  reg ion  w ith  b e t t e r  l i v a b i l i t y  c o n d itio n s  i f  the  
c r i t i c a l  v a lu e  (100) o f the  g ra d ie n t of boundary s t r e s s  between th e  
two i s  exceeded. I f  th e  boundary s t r e s s  between a p a r t i c u la r  g r id  
p o in t and th e  p o in ts  th a t  surround i t  i s  exceeded fo r  more than one 
o f the  su rround ing  g r id  p o in ts  the  boundary moves in  the  d i r e c t io n  of 
th e  g rid  p o in t  w ith  th e  h ig h e s t  boundary s t r e s s .  This p rocess adds 
a new c i ty  b lock  to  th e  suburb th a t  has the h ig h er v a lu e  o f s t r e s s .
The o r ig in a l  p o p u la tio n  o f t h i s  b lock i s  removed and randomly d i s t r ib u te d  
in  the  suburb th a t  l o s t  th e  la n d . The b lock  i s  then g iven  a p o p u la tio n  
equal to  th e  o r ig in a l  p o p u la tio n  p lus o n e -h a lf  o f the  p o p u la tio n  d i s ­
c o n tin u ity  a t  the  o r ig in a l  suburb boundary. The new people fo r  t h i s  
c i t y  block a r e  s e le c te d  randomly from th e  p o p u la tio n  o f the  suburb th a t  
has ju s t  gained  th e  la n d . The boundaries of th e  suburbs a re  allow ed 
to  move in  th e  c i t y  and o u t in to  any p o r tio n  of the r u r a l  a re a  which i s  
zoned fo r  p o te n t ia l  u rban  u se . For te s t in g  purposes, 6 x 6 mi b locks 
a d ja c e n t to  th e  c i ty  a re  zoned fo r  expansion i f  the g ra d ie n t of th e
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boundary s t r e s s  along  a 6 m ile  se c tio n  ad jacen t to  the  c i t y  exceeds a 
c r i t i c a l  l e v e l .  This c r i t i c a l  le v e l  w i l l  be c o n tro lle d  by th e  many 
f a c to r s  th a t  in f lu e n c e  land u t i l i z a t i o n  ( in d u s t r i a l  land  n e e d s , a v a ila b le  
f in a n c ia l  backing fo r  new developm ents, urban developm ent, e t c ) .  The 
suburb boundary model de term ines the  percen tage  of each la rg e  c i ty  block 
th a t  is  occupied by s t r e e t s  and b u ild in g s  c a lc u la te d  by u s in g  the 
fo llo w in g  e q u a tio n .
CIT. = NCIT./256 1 1
w here
NCIT. = th e  number of sm all c i ty  b locks in  the  i t h  
^ la rg e  c i ty  b locks th a t  a re  p a r t  o f the  c i t y
T h is  equa tion  i s  s e t  up to  work w ith  la rg e  c i ty  b locks th a t  have a
2
mesh s iz e  o f 4 x 4 mi ,
Suburb Dynamics
The urban model d iv id e s  the  c i ty  up in to  b a s ic  a re a s  th a t  a re  known 
a s  subu rbs . Each suburb i s  s e t  up so th a t  the  a t t r i b u t e s  o f the  people 
w ith in  a suburb a r e  f a i r l y  homogeneous. Fam ily income and ra c e  d i s ­
t r i b u t i o n  a re  the  prim ary f a c to r s  considered  in  o rg an iz in g  suburbs as 
homogeneous re g io n s . The o v e ra l l  c h a r a c te r is t ic s  of suburbs w ith in  
th e  urban  model in c lu d e ;
1 , A g r id  network th a t  d e fin e s  th e  suburb 
p o p u la tio n  fo r  each "sm all c i t y  b lock" 
w ith in  the  suburbs,
2 , A g r id  network th a t  d e fin es  the  lo c a t io n  
o f th e  "sm all c i ty  b locks" con ta ined  in  
each suburb ,
3 , H istogram s th a t  reco rd  the number o f people 
w ith in  the  d i f f e r e n t  c a te g o rie s  a s so c ia te d  
w ith  th e  a t t r ib u t e s  of the  people w ith in  
each suburb .
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4 . Histograms th a t  reco rd  the  number of 
housing u n i ts  fo r  c a te g o rie s  o f housing ,
5 . T o ta l suburb p o p u la tio n .
The suburb age d i s t r ib u t io n  and t o t a l  p o p u la tion  a re  c o n tro lle d  by a 
model th a t  u t i l i z e s  f iv e  y e a r s u rv iv a l r a t e s .  Every f i f t h  y ea r the model 
ages th e  people f iv e  y e a rs , allow s the  popu la tion  to  d ie  as a fu n c tio n  
of the  su rv iv a l r a t e ,  and then  a ss ig n s  the people born in to  t h i s  suburb 
du ring  th e  l a s t  f iv e  years to  the  0 - 4  years  old age group.
The number o f  b i r th s  per year in  a suburb is  c a lc u la te d  u s in g  the  
annual b i r th  r a t e  and an estim ated  v a lu e  o f  the  t o t a l  p o p u la tio n  of 
the  suburb th a t i s  updated each y e a r . The estim ated  value  o f th e  t o ta l  
suburb po p u la tio n  i s  determ ined u sing  co n stan t b i r th  r a te s  and death  
r a te s  fo r  each subu rb . The co n stan t death  r a t e  used i s  only an 
approxim ate va lue  s in ce  the number of dea ths determ ined by the  f iv e  
year s u rv iv a l  t a b le s  is  a fu n c tio n  o f the age d i s t r ib u t io n  suburb .
The p o p u la tio n  of the in d iv id u a l suburbs i s  a ls o  m odified by 
people moving from one suburb to  a n o th e r . The t o t a l  c i ty  p o p u la tio n  
i s  c a lc u la te d  by adding up the  p o p u la tion  o f the  in d iv id u a l suburbs.
The t o t a l  p o p u la tio n  of the  c i t y  i s  the  prim ary param eter th a t  d e te r ­
mines the  d e s ire d  m unicipal w ater u t i l i z a t i o n  r a t e  and w ater p o l lu t io n  
em ission r a t e .  The model assumes th a t  the d es ired  v a lu e  of th e se  
r a te s  i s  a  d i r e c t  fu n c tio n  o f the  t o t a l  urban p o p u la tio n .
The housing submodel u ses the  c la s s i f i c a t io n  system  suggested  by 
F o r re s te r  (1970) and p re d ic ts  the  number o f housing u n i ts  in  th re e  





The model assumes th a t  premium housing degenera tes in to  w orker housing , 
w h ile  w orker housing w i l l  d eg en era te  in to  underemployed housing . The 
m athem atical fo rm u la tio n  o f th e  model i s  summarized by the  fo llo w in g  
d i f f e r e n t i a l  eq u a tio n s :
^ (P H )  = Pg'PH -  Pjj*PH (39)
^(W H) = Wg'WH + Pg'PH -  W^ .WH (40)
:^(UH) = + U-*OH -  U^'UH (41)
QL U U JJ
where
2
PH = th e  number o f premium housing u n i ts  (.0015 mi ea)
2WH = th e  number o f worker housing u n i ts  (.001 mi ea)
2
ÜH = th e  number o f underemployed housing u n i ts  (.001  mi ea)
Pg = premium housing c o n s tru c tio n  r a te
P^ = premium housing lo ss  r a t e  (aging o f premium housing)
Wg = w orker housing c o n s tru c tio n  r a te
Wjj = w orker housing lo ss  r a t e  (aging of worker housing)
Ug = underemployed housing c o n s tru c tio n  r a t e
U = underemployed housing lo s s  r a t e  (ag ing  of 
underemployed housing)
The o ccupation  d i s t r i b u t io n  u ses the  c la s s i f i c a t io n  system  suggested  
by F o r re s te r  (1970). The occupation  o f the working c la s s  i s  d iv ided  
in to  th re e  c l a s s i f i c a t io n s  which in c lu d e :




The o ccu p atio n  submodel m odifies th e  occupation  d is t r ib u t io n s  of 
th e  d i f f e r e n t  suburbs by tra n s fe r r in g  people in  th e  underemployed 
c la s s i f i c a t io n  to  th e  w orker c la s s i f ic a t io n  and people  in  the  worker
c la s s i f i c a t io n  to  th e  m an a g e ria l-p ro fe ss io n a l c l a s s i f i c a t i o n .  Only
upgrading o f th e  p o p u la tio n  i s  considered in  t h i s  m odel. Once the 
o ccu p atio n a l le v e l  o f  an in d iv id u a l i s  improved, th e re  i s  no mechanism 
in  th is  model th a t  w i l l  a llo w  the  in d iv id u a l to  lower h is  occupationa l 
l e v e l .  The m athem atica l re p re s e n ta tio n  o f  t h i s  model i s  shown in  
equa tions 42 , 43 , and 44:
^ (U N ) = -  ly'UN (42)
^ (W ) = + I^.UN - ly-W (43)
j^(MP) = + I^'W (44)
where
ÜN = number o f people in  th e  underemployed c la s s i f i c a t io n
W = number o f people in  th e  w orker c l a s s i f i c a t io n
MP = number o f people in  th e  m a n a g e ria l-p ro fe ss io n a l
c la s s i f i c a t io n
= underemployed to  w orker t r a n s f e r  r a t e
= w orker to  m a n a g e ria l-p ro fe ss io n a l t r a n s f e r  r a te
This model u ses  the  occu p atio n  c la s s i f i c a t io n  system  suggested  by 
F o r re s te r  (1970).
The o ccu p atio n  c l a s s i f i c a t i o n  of an in d iv id u a l  i s  h ig h ly  c o rre la te d  
to  the  e d u c a tio n a l l e v e l  and income of an in d iv id u a l .  This c o r r e la t io n  
makes i t  n e c essa ry  to  m odify th e  education d i s t r ib u t io n  and income
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d i s t r ib u t io n  when th e  occupation  d i s t r ib u t io n  i s  m od ified . T his model 
c o n s id e rs  th a t  people in  the  underemployed group w i l l  have an education  
le v e l  below th e  seventh  grade and a y e a r ly  income l e s s  than $5000. 
People in  th e  worker c l a s s i f i c a t io n  w i l l  have an e d u c a tio n a l le v e l  
above th e  e ig h th  grade b u t below a h igh  schoo l degree  and an income 
g re a te r  than  o r equa l to  $5000 bu t l e s s  than  $10,000. People in  the  
m a n a g e r ia l-p ro fe s s io n a l le v e l  w i l l  have an edu ca tio n  le v e l  g r e a te r  than 
a h igh  schoo l degree and an income le v e l  g r e a te r  than  or equal to 
$10,000. The above c la s s i f i c a t io n s  a re  used in  con junc tion  w ith  the 
fo llo w in g  d i f f e r e n t i a l  equa tions  to  modify the  edu ca tio n  and income 
d i s t r ib u t io n .
- i f d j )  .  + (50)
where
= number of people w ith  edu ca tio n  le v e l  <  e ig h th  grade
= number of people w ith  edu ca tio n  le v e l  >  e ig h th  grade 
b u t < h igh school le v e l
E_ = number of people w ith  education  le v e l  >  high school 
le v e l
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= number of people w ith  income < $5000
I  = number of people w ith  income >  $5000 bu t 
 ^ < $10,000
= number of people w ith  income >  $10,000
= underemployed to  w orker t r a n s f e r  r a te
= worker to  m an a g e ria l-p ro fe ss io n a l t r a n s fe r  r a t e
The f i r s t  o rd er d i f f e r e n t i a l  equations used in  t h i s  s e c t io n  a re  solved 
u sing  th e  E u ler f i n i t e  d if fe re n c e  scheme (1 year tim e s te p s ) .
P opu la tion  Dynamics 
The urban model uses a s to c h a s t ic -d e te rm in is t ic  p rocess to  p re d ic t  
the  movement of peop le  w ith in  the c i t y .  F am ilie s  of th re e  a re  moved 
around the  c i ty  u s in g  e i th e r  a d if fu s io n  techn ique o r  a long d is ta n c e  
moving te c h n iq u e . The d if fu s io n  techn ique moves peop le  s e v e ra l b locks 
a t  a tim e w hile  th e  long d is ta n c e  moving techn ique can t ra n s p o r t  people 
a c ro ss  th e  c i ty  in  one r e lo c a t io n . The people change t h e i r  re s id e n c e  
in  response  to  env ironm ental c o n d itio n s .
The model p r e d ic ts  th e  movement of people from each of th e  sm all 
c i ty  b lo c k s , A s p e c if ie d  percen tage  of th e  people  a t  each sm all c i ty  
b lock  a re  considered  e l i g ib l e  fo r  r e lo c a t io n  a t  each tim e s te p .  This 
pe rcen tage  i s  a  fu n c tio n  of th e  l i v a b i l i t y  of the c i t y  b lo ck . The 
fu n c tio n a l r e la t io n s h ip  and th e  equa tion  fo r  l i v a b i l i t y  a re  p resen ted  
in  E quations 5 1 (a ) and 51 (b ) .  These eq u a tio n s  d e f in e  l i v a b i l i t y  such 
th a t  h ig h  v a lu es  of l i v a b i l i t y  mean poor l iv in g  c o n d it io n s .
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PM. = 2 i f  XLV < 160
1 i  -
5 i f  200 > XLV. > 160— 1
7 i f  240 > XLV. > 200 (51a)— 1
9 i f  280 > XLV. > 240— 1
15 i f  XLV. > 280
XLV = LI'AP. + L2*HD -f L3*RD + L4^PD (51b)
i  1
where
PM. = % o f  people a t  the  i t h  c i t y  b lock  th a t  a re  
e l i g ib l e  fo r  movement
XLV. = l i v a b i l i t y  fo r  the  i t h  c i ty  block
3
AP. = average annual a i r  p o l lu t io n  (y,g/m ) a t  th e  
^ i t h  c i ty  b lock
HD = % o f  underemployed housing u n i ts  in  th e  suburb
RD = % o f non-w hite people in  the  suburb
PD = p o p u la tio n  per c i ty  block
L1,L2,L3,L4 = c o n tro l  c o e f f ic ie n ts
(L l = 0 .0 , L2 = 7 0 .,  L3 = 100 ., L4 = .5)
The a t t r i b u t e s  o f each e l i g ib l e  in d iv id u a l a re  determ ined using  
the  technique o u tlin e d  in  th e  s e c tio n  d esc rib in g  the a t t r i b u t e s  o f a 
s t a t i s t i c a l  man. I f  th e  in d iv id u a l has income le s s  than  $5000 o r  i f  
h is  occupation  c l a s s i f i c a t i o n  i s  non-em ployable then  he i s  n o t p e rm itted  
to  move in  the c i t y .  I f  th e  in d iv id u a l 's  income i s  g r e a te r  than  or 
equal to  $10,000, he i s  allow ed to  move using the d isco n tin u o u s movement 
techn ique. R ac ia l d is c r im in a t io n  i s  in troduced  by p e rm ittin g  only  a 
c e r ta in  percen tage  (PR) of th e  in d iv id u a ls  who a re  non-w hite and have 
th is  income le v e l  to  move i f  the  d if fu s io n  technique tak es  them
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o u ts id e  of t h e i r  suburb . I f  th e  in d iv id u a l has an income g re a te r  than 
$10,000, the  "P" percen tage  o f  the  people move using  the  d if fu s io n  
techn ique  w h ile  (100 -  P) p e rcen tag e  o f the  people w il l  move using  the  
long d is ta n c e  moving tec h n iq u e . I f  an in d iv id u a l  is  allow ed to  move, 
he tak es  w ith  him two o th e r  in d iv id u a ls .  I f  th e  fam ily moves out of 
one suburb, they  tak e  t h e i r  s t a t i s t i c a l  a t t r i b u t e s  w ith them. The 
d i f fu s io n  techn ique moves peop le  in  response  to  the  g ra d ie n t of 
l i v a b i l i t y  such th a t  they move toward more d e s ira b le  re g io n s , L iv a b il i ty  
g ra d ie n t is  a fu n c tio n  of a i r  p o l lu t io n ,  housing d i s t r ib u t io n ,  popu­
l a t io n  d e n s ity , and r a c i a l  d i s t r ib u t io n  and i s  c a lc u la te d  using 
E quation  51 ( c ) .
= P i - \ y ( A P .)  +  (51c)
+ P/V^CPD) + P4*\y(RD)
where
^ l ’^2 ’^3 ’^4 ~ c o n tro l  c o e f f ic ie n ts  
(P^ = 0 ,0 , Pg = 130, P^ = 6 , P^ = 150)
The l i v a b i l i t y  g ra d ie n t i s  found in  the  form of a magnitude (L) and 
d i r e c t io n  (@). An e l l ip s e  i s  p laced  such th a t  one of the fo c i l i e s  
n ea r the  p o s it io n  of the  in d iv id u a l  to  be moved and the  major ax is  is  
o r ie n te d  u sing  " 9" such th a t  th e  o th e r  fo c a l  p o in t l i e s  dovm the 
g ra d ie n t of "L" toward more d e s i r a b le  l iv in g  c o n d itio n s . The m o b ility  
o f a person de te rm ines  the e x a c t p o s it io n  o f  th e  e l l ip s e .  Higher 
m o b il i t ie s  in c re a s e  th e  d is ta n c e  from th e  c e n te r  po in t o f  the e l l ip s e  
to  p o s it io n  o f th e  in d iv id u a l  (se e  F ig u re  1 7 ), The m o b ility  of a
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Line o f equiprobable d e s tin a tio n  
'H o rizon ta l in te rs e c tio n  o f a 
p lane  w ith  a two dim ensional 
G aussian d is t r ib u t io n  fu n c tio n
P o s itio n  \
the in d iv id u a l in  
re fe re n c e  to the 
p ro b a b il i ty  d i s t r i ­
bu tion
i+ l
M = m o b ility  
L = l i v a b i l i t y\ L ,
F ig . 17. P o s i t io n  o f  the p ro b a b il i ty  d is t r ib u t io n  fo r
movement o f people as a fu n c tio n  of th e  m o b ility  
o f the in d iv id u a l and l i v a b i l i t y  g rad ien t are  
shown in  t h i s  f ig u re .
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person  i s  d e fin ed  u sin g  Equation 52,
M = Z^'IN  + Z^'ED (52)
where
IN = income le v e l  o f  an in d iv id u a l 
ED = e d u c a tio n a l le v e l  o f an  in d iv id u a l 
M = m o b ility  
Zg,Z^ = c o n tro l  c o e f f ic ie n ts  
(Zg = .4 0 , = .40 )
The e l l i p s e  i s  one o f a s e t  o f  l in e s  o f equiprobable  d e s tin a tio n  




^  (-X s in  9 -  y cos 9) ] ]
where i s  th e  p ro b a b i l i ty  th a t  th e  in d iv id u a l w i l l  move to  a p o s it io n
defin ed  by x and y , w h ile  a ^ , d e f in e  the  e l l i p t i c i t y .
The a c tu a l  move tak es  p lace  by u sing  a  random process in  co n ju n c tio n
w ith  th e  frequency  d i s t r ib u t io n  d e riv e d  from P . I f  th e  in d iv id u a lxy
moves from h is  suburb , then  a com plete s e t  of a t t r ib u te s  is  t ra n s fe r re d  
from th e  h isto g ram  of h i s  o ld  suburb to  the  a p p ro p ria te  h istogram  of h is  
new suburb .
The long d is ta n c e  moving tech n iq u e  t ra n s p o r ts  people d i r e c t ly  
from suburbs w ith  poor l i v a b i l i t y  c o n d it io n s  to  suburbs th a t  have b e t t e r  
l i v a b i l i t y  c o n d it io n s . The a t t r i b u t e s  of th e  people chosen fo r long
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d is ta n c e  moving a re  taken o u t o f th e  lo c a l  suburbs h istogram s and 
s to re d  in  tem porary s to rag e  a r ra y . A fte r  the  people a t  a l l  of th e  
sm all c i t y  b locks have been g iven  a  chance to  move, th e  people s to re d  
in  th e  long d is ta n c e  moving a rra y  a re  d is t r ib u te d  randomly in  th e  two 
suburbs th a t  have the b e s t  l i v a b i l i t y  (L^) w ith  each suburb re c e iv in g  
50% of th e  peop le . The a t t r i b u t e s  of the new people a re  then lo c a te d  
in  the  a p p ro p ria te  h istog ram s o f  th e  two subu rbs . The l i v a b i l i t y  of 
a suburb i s  d e fin ed  by E quation  54.




L = average l i v a b i l i t y  of the j th  suburb
j
= number o f sm all c i t y  blocks in  the  j th  suburb
P o ( i ) j  = p o p u la tio n  fo r  the i t h  c i ty  b lock
A P (i) j  = a i r  p o l lu t io n  fo r  the  i t h  c i ty  block
R D (i). = pe rcen tage  of non-w hite p o p u la tion  a t  th e  i t h
 ^ c i t y  block
R^,R2 ,Rg = c o n tro l  co n s ta n ts
(R^  = 1 , ,  Rg = 2.0 ,  R^  = 130.)
In d u s try
The in d u stry  submodel s im u la te s  the  in d u s t r ia l  development o f 
the  urban a re a . The model i s  p a tte rn e d  a f t e r  a model suggested  by 
F o r re s te r  (1970), The model d iv id e s  in d u s try  in to  th re e  c a te g o rie s  
which in c lu d e :
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new b u sin ess  
m ature b usiness 
d e c lin in g  busin ess
A new b usiness ages in to  a m ature b u s in e ss , w hile  a m ature busin ess
ages in to  a  d e c lin in g  in d u s try . The d i f f e r e n t  types of in d u s tr ie s
employ a sp e c if ie d  number of people in  each o f the  th re e  working fo rc e
occupation  c a te g o r ie s . Equations 55, 56, and 57 p resen t a m athem atical
d e s c r ip tio n  of the  in d u s try  model and a re  solved using th e  E u ler
f i n i t e  d if fe re n c e  scheme (1 y ear time s te p ) .
^(NB) = Hg'NB - Hg'NB (55)
^(MB) = Hp-NB - Qg'NB (56)
^ ( D I )  = Q^ 'MB -  Qg.DI (57)
where
NB = number of new bu sin esses
MB = number o f m ature businesses
DI = number o f d e c lin in g  in d u s tr ie s
Hg = new b u s in e ss  c o n s tru c tio n  r a te  (y r ^)
Hjj = new b u sin ess  aging r a te  (y r ^)
Qjj = m ature bu sin ess  aging r a t e  (yr ^)
Qg = d e c lin in g  in d u stry  d e s tru c tio n  r a t e  (y r ^)
The in d u s t r ia l  submodel p re d ic ts  the number of in d u s tr ie s  in  each 
c l a s s i f i c a t io n ,  the  number o f jobs in each of the working fo rc e  occupa­
t io n  c a te g o r ie s , and w ater u t i l i z a t i o n  r a te s .  This model p re d ic ts
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w ater p o l lu t io n  em ission  r a t e s  and the w ater u t i l i z a t i o n  r a te s  d es ired  
by in d u stry  and th e  c i t y ,  by u sin g  the fo llow ing  eq u a tio n s:
= ((NB + MB + DI)/NBIS)150 .MXi
where
= ((NB + MB + DI)/NBIS)2000 . 
= ((P0PT/NPOP)2000 .
P = ((POPT/NPOP)50 .
NBIS = the  t o t a l  number o f in d u s tr ie s  a t  th e  beginning 
o f a s im u la tio n
NPOP = th e  t o t a l  p o p u la tio n  o f the c i ty  a t  the beginning 
o f  a s im u la tio n
P , P = th e  maximum w ater p o l lu t io n  r a t e  d es ired  by the 
j[ c i ty  and in d u stry  ( lb /s e c )
M ^ , = th e  maximum w ater flow  r a te s  d e s ire d  by the c i ty
and in d u s try  (CFS)
I n te r a c t io n s  w ith  the  Ecosystem 
The average annual a i r  p o l lu t io n  f i e l d  i s  the  only inpu t param eter 
used by the  urban model. The a i r  p o l lu t io n  f i e ld  causes people to  
move toward re g io n s  where th e  a i r  p o l lu t io n  i s  low er.
Botany Model
The botany  model i s  o rgan ized  to  sim ulate  the  growth o f g rass 
in the  ecosystem , A d e te r m in is t ic  model s im u la tes  the t o ta l  above and 
below ground biomass fo r  warm season g ra ss  f ie ld s  as a fu n c tio n  of tim e 
of y e a r. The b a s ic  s t r u c tu r e  o f  the  model is  derived  from a g rass lan d  
ecosystem model developed by B ledsoe, £ t  a l  (1971), The prim ary d riv in g  
param eters which in flu e n c e  the growth o f g ra ss  a re  s o i l  m o is tu re .
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p r e c ip i t a t io n ,  s o i l  and a i r  tem p e ra tu re , incoming s o la r  r a d ia t io n ,
and wind speed . Most o f  th e s e  param eters  a re  in flu en ced  by the  s to c h a s tic
atm ospheric model.
The lo c a t io n s  o f  g ra s s  f i e l d s  a re  sp e c if ie d  on a 32 x 32 grid 
2
(mesh s iz e  = 4 x 4 mi ) th a t  d iv id e s  the  ecosystem  in to  g r id  p o in ts  
which r e p re s e n t  p o te n t ia l  crop producing f ie ld s  th a t  have a 16 sq mile 
u n it  a re a . The model u ses  h o u rly  tim e s te p s  to  s im u la te  th e  above ground 
biomass and below ground biomass fo r  each g r id  p o in t t h a t  i s  growing 
g ra ss . The g ra s s  in  each f i e l d  i s  e i t h e r  consumed by g raz in g  c a t t le  
or h a rv es ted  and s to red  fo r  use by th e  d a iry  c a t t l e  and feed  l o t  c a t t le .
The model has th e  o p tio n  o f  p ro v id in g  w ater fo r  i r r i g a t io n  o f the  crop 
producing f i e l d s .  The flow  diagram  in  F igu re  18 i l l u s t r a t e s  the  organi­
z a tio n  of the  Botany model.
In  d e s c r ib in g  th e  m odel, th e  terms prim ary and secondary s ta te  
v a r ia b le s  w i l l  be used f re q u e n tly . P rim ary s ta t e  v a r ia b le s  describe  
the s ta t e  o f  th e  system . Secondary s t a t e  v a r ia b le s  in f lu e n c e  the 
e v o lu tio n  o f a  system; how ever, they  do n o t d e fin e  th e  a c tu a l  s ta t e  of 
the  system .
Prim ary S ta te  V a r ia b le s  The fou r which d e fin e  the s t a t e  o f the  
g rass lan d  system  a re  above ground l iv in g  biom ass, below ground biomass, 
s tan d in g  dead and l i t t e r .  The sum o f  above ground l iv in g  biom ass, standing 
dead and l i t t e r  i s  equal to  th e  t o t a l  above ground biom ass. Above ground 
liv in g  biomass r e f e r s  to  l iv in g  p la n t  m a tte r  above the  ground surface, 
w hile  below ground biomass r e f e r s  to  ro o t biom ass. S tanding  dead includes 
a l l  n o n -liv in g  biomass th a t  i s  s tand ing  above the ground, w h ile  l i t t e r  
















Fig. 18. Flow diagram of the botany model. Boxes connected by lines with arrow heads indicate
that material from one box flows into the other. Boxes connected by lines indicate that 
the two boxes influence each other.
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s c a ts  v a r ia b le s  a re  sim ulated as a  fu n c tio n  o f time by so lv in g  th e  
fo llow ing  f i r s t  o rder d i f f e r e n t i a l  eq u a tio n s  u s in g  the E u ler f i n i t e  
d if f e re n c e  scheme (1 hour tim e s te p ) .
ABM = CPH'ABM "PRO -  (TBG + DAG + RAR) (58)
ASD = DAG - (SA .ASD + RS) (59)
LIT = SA.ASD (HL + HM + LC.LIT) (60)
BBM = TBG - (DB + RB.RBM + HB) (61)
where
2
ABM = above ground biomass (gm/cm )
2BBM = below ground biomass (gm/cm )
2
ASD = stand ing  dead (gm/cm )
LIT = l i t t e r  (gm/cm^)
ABM, BBM, ASD, LIT = time r a t e  of change of the  prim ary s ta te
v a r ia b le s  (gm/sec c m 2 )
CPH = conversion f a c to r  fo r  pho to syn tha te  fu n c tio n
PRO = net p h o to sy n th es is  r a t e  (net gm o f CO  ^ f ix e d  
per u n i t  p la n t  green t i s s u e )
TBG = net t ra n s lo c a t io n  r a te  o f  pho tosyn thate  m a te r ia l  
to th e  BBM ( g m /c m 2  sec)
2
DAG = death  r a t e  of ABM (gm/cm sec)
2
HAR = h a rv e s t r a t e  o f  ABM (gm/cm sec) by c a t t l e
SA = s h a tte r in g  r a t e  of s ta n d in g  dead (sec ’ ^)
2
HS = h a rv es t r a t e  o f  s tan d in g  dead (gm/cm sec) by c a t t l e
2
HL = h a rv es t r a t e  o f l i t t e r  (gm/sec cm ) by c a t t l e
2
HM = h a rv es t r a t e  o f  l i t t e r  by m icrofaune (gm /sec cm )
LG = leach ing  r a t e  of p la n t l i t t e r  in to  s o i l  by 
ra in  w ater (se c ”^)
2
DB = death  r a t e  of below ground biomass (gm/sec cm )
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RB = r e s p i ra t io n  r a t e  of below ground biomass (sec
2 ^2
HB = h a rv e s t r a t e  of below ground biomass (gm/cm sec )
Equations 58-61 in d ic a te  th a t  th e  time r a te  of change of the  
prim ary s ta t e  v a r ia b le s  a re  a fu n c tio n  o f th e  p re se n t va lues o f  the  
prim ary and secondary s t a t e  v a r ia b le s .  The secondary s ta t e  v a r ia b le s  
a t  any time a re  determ ined from em p irica l equa tions which depend on the 
p re se n t va lues f o r  th e  prim ary s t a t e  v a r ia b le s  and the a b io t ic  pa ra ­
m e te rs , The a b io t ic  param eters which in flu e n ce  the  model in c lu d e : 
wind speed, canopy a i r  tem pera tu re , ground tem p era tu re , n e t incoming 
s o la r  r a d ia t io n ,  s o i l  m o istu re  and r a i n f a l l .
Secondary S ta te  V ariab les  The most i n f lu e n t i a l  secondary s ta te  
v a r ia b le  i s  the  n e t p h o to sy n th es is  r a t e  (PRO), In  t h i s  model PRO i s  
p r im a rily  a fu n c tio n  o f s o i l  m o is tu re , canopy a i r  tem pera tu re , and 
s o la r  r a d ia t io n .  Three equa tions a re  used to  p re d ic t  PRO as  a fu n c tio n  
o f the  e f f e c t iv e  s o la r  r a d ia t io n  (RP) and canopy a i r  tem peratu re  (TC).
Equation 62 i s  used fo r  m oderate s o la r  r a d ia t io n  co n d itio n s  (RP > ,001 
2
cal/cm  sec) and m oderate canopy a i r  tem perature  co n d itio n s  (OC < TC < 440),
PRO = MS*(AMM*HPM*Z2)*NS*CR»IAoPPHl (62)
.PPR2.RP PPH2«PRP . ^
'■1+PPH2.RP '  1+PPH2«PRP'^
{(PTC -  TC) • Z1
where
TC = a i r  tem peratu re  in  th e  canopy (*C) 
MS = m oistu re  s t r e s s  index (0 -1)
NS = n u t r ie n t  s t r e s s  index (0-1)
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lA = le a f  a rea  index (0-3)
CR = f r a c t io n a l  cover o f g ra ss  (0-1)
AKi = excess growth c o e f f ic ie n t  (0-1)
HPM = seaso n a l growth c o e f f ic ie n t  (0-1)
PPHl = peak p h o to sy n th es is  r a t e  (sec  ^)
PPH2 = param eter a s so c ia te d  w ith  s u n lig h t  response
RP = s o la r  r a d ia t io n  e f f e c t iv e  fo r  p h o to sy n th es is  
(cal/cm ^ sec)
PRP = th re sh o ld  of p o s i t iv e  p h o to sy n th es is  response 
to  su n lig h t (cal/cm ^ sec)
PTC = th re sh o ld  of p o s it iv e  p h o to sy n th es is  response 
to  tem pera tu re  (°C)
PPH3 = param eter a s so c ia te d  w ith  tem pera tu re  response 
o f  p h o to sy n th esis  du ring  normal d a y lig h t and 
m oderate tem peratu re
Z l,Z 2 = co n s ta n t c o n tro l  c o e f f ic ie n ts
Equation 63 i s  used fo r  low s o la r  r a d ia t io n  (RP <  .001 ca l/cm  sec) 
and m oderate canopy a i r  tem perature  c o n d itio n s .
PPH5
PHD = - M S ' N S ' C R ' I A ' P P H 4 ° '  ( ^ ^ )  *
.  PPH6
■ (1 -  ( ^ )  ) ]  ]
where
PPH5 = param eter a s so c ia te d  w ith  tem pera tu re  response 
o f p h o to sy n th es is  du ring  l im ite d  s u n lig h t
PPH6 = param eter a s so c ia te d  w ith  tem pera tu re  response
PTC2 = param eter a s so c ia te d  w ith tem pera tu re  response 
(p o s i t io n  of peak p h o to sy n th es is )
PPH4 = peak p h o to sy n th es is  r a t e  under th ese  c o n d itio n s
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When th e  tem pera tu re  i s  g r e a te r  th an  44^C o r le s s  then  0 ‘C PHO is  
s e t  equal to  z e ro . A ll of the  param eters except MS, AMM, HPM, and RP 
a re  s e t  equal to  c o n stan t v a lu es  in  th is  m odel. The fo llow ing  equations 
a re  used to  de term ine  the v a lu es  f o r  the n o n -co n stan t c o e f f ic ie n ts .




SHO = percen tage  o f s o i l  m o istu re  by volume fo r the 
to p  24 inches (SH0=(SMT4WLT)/24.)
PMSl = c o n tro l  c o e f f ic ie n t  ( in f le c t io n  p o in t of curve)
SMT = th e  s o i l  m o istu re  a v a i la b le  fo r evapora tion  
from th e  0-24 inch la y e r  (inches)
PMS2 = c o n tro l  c o e f f ic ie n t  (s lo p e  o f  curve)
WLT = s o i l  m o is tu re  from 0-24 inches a t  th e  w iltin g  
p o in t (in ch es)
AMM = - ;^tan“ ^ [tan(.4n)(ABM-ABMl)/ABM2] +  .5  (65)
ABMl = c o n tro l  c o e f f ic ie n t  ( in f le c t io n  p o in t)  
ABM2 = c o n tro l  c o e f f ic ie n t  (s lo p e  of curve)
HPM = -  ^ ta n " ^  [ t a n ( .4 u ) ' (ZM-ZMl)/ZM2] + .5  ( 66)
ZM = number o f  months e lapsed  s in c e  the  beginning of 
the  growing season
ZMl = c o n tro l  c o e f f ic ie n t  ( in f le c t io n  p o in t)





SRPK = n e t s h o r t  wave s o la r  r a d ia t io n  (cal/cm  sec) 
a t  (11 :00  1ST)
2
SR = n e t s h o r t  wave s o la r  r a d ia t io n  (cal/cm  sec) 
PRPlO = c o n tro l  c o e f f ic ie n t
TBG, DAG, SA, LC, DB, TC and RB a re  the o th e r non-constan t secondary 
s t a t e  v a r ia b le s  fo r  eq u a tio n s  58-61 . The fo llow ing  equations w i l l  be 
used to  s im u la te  th e se  p a ram ete rs .
r
TBG = <
(,105-BBM) (PBT1-PBT2*BBM) •ABM*MS«100 
i f  BBM > 1000 g m /m 2
0.0  
i f  TS < 0
MAX[0., (PBT1-PBT2«BBM)»ABM] «MS 
i f  TS > 00 and ABM > 5 gm/m^
-MAX[0 . , PBT4(BBM-PBT5) ]  "MS -
i f  TS > 00 and ABM < 5 gm/m
(68)
DAG = (1-MS) "PDAl*ABM [ ijta n "^  [ ta n ( .4 n )  '  (TS-PDA2)/PDA3] + .5 ] (69)
. [  ^ ta n " ^  { ta n (.41%) '  (ZM-PDA4) /PDA5] + ,5 > 4 0 .
10 = .035 PR (70)
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SA = .22  X lO'^'^JND (71)
i f  WND < 223.5 cm /sec, SA = .005
RB = PRB*(44.-TS)»EXP[(44.-TS)/7.0] (72)
i f  TS > 44C, RB = 0 .0
DB = RB«BBM.(1-MS)*1.5 (73)
T + 10"(SR/SRPK) ,  
i f  SR >  .0002 cal/cm  sec 
TC = and VIND < 223.5 cm/sec
V T o therw ise
where
PDAl, PDA2, PDA3, PDA4, PRB = co n tro l c o e f f ic ie n ts
V7ND = wind speed (cm/sec)
PR = r a in f a l l  r a te  (cm /sec)
(74)
C
TS = so il  tem pera tu re  a t  6 in ches ( C)
T = a i r  tem pera tu re  a t  1.5 m eters (*C)
The eq u a tio n s  d e s c r ib in g  the  botany model a re  based upon the  equation  
used by Pawnee G rassland  Model (B ledsoe, 1970), The c o n s ta n t c o e f f ic ie n ts  
used fo r  th e  model a re  d i f f e r e n t  from th o se  used in  Pawnee G rassland 
Model because th e  Pawnee model i s  concerned w ith a sh o rt g ra ss  p r a i r i e ,  
w hile  the  model p resen ted  h e re  i s  used to  grow g rass  on a t a l l  g ra ss
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p r a i r i e .  The v a lu es  f o r  the  co n stan t c o e f f ic ie n ts  used in  the  botany 
model a re  d e riv ed  from th e  c a l ib ra t io n  and v a lid a tio n  process which 
used the  1970 Osage s i t e  d a ta  (R isse r , 1971) and a re  presented  in  
Appendix D. In  the p ro cess  o f adopting th e  Pawnee model fo r  a t a l l  
g ra s s  p r a i r i e ,  some of th e  equa tions  d e sc rib in g  the Pawnee model a re  
changed to  in c lu d e  g ra ss la n d  dynamics needed fo r  a t a l l  g rass  p r a i r ie  
(eq u a tio n s  62, 63, 69, 7 3 ) , The model s im u la te s  the  v eg e ta tio n  h e igh t 
a s  fu n c tio n  of th e  t o t a l  s ta n d in g  crop (ABM + ASD) using  the  fo llow ing 
eq u a tio n :
where
HVT = 12. + —  •ARCTAN(tt* 0.002(80-300.)
TT
HVT = average  h e ig h t o f th e  v e g e ta tio n  in  inches
2
SC = s ta n d in g  crop biomass (gm/m )
The i r r ig a t io n  w ater demand f o r  a p a r t ic u la r  f ie ld  i s  ca lcu la ted  using 
the  fo llow ing  e q u a tio n :
where
AIRG^ = (1.5-AVM.) area./(8 6 4 0 0 .-1728.)
i f  AIRG. < 0 .0 ; AIRG. = 0 .0  1 — 1
AIRG. = the  d a i ly  i r r ig a t io n  w ater demand fo r  the
^ i t h  f i e l d  (Ft^ sec"^)
AVM. = th e  d a i ly  average a v a ila b le  s o i l  m o istu re  in
^ the  i t h  f ie ld  (in ch es)
2
AREA  ^ = th e  a re a  of the  i t h  f ie ld  (inches )
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The maximum amount o f w ater flow  d e s ire d  by a g r ic u l tu re  (A ^  - 
see  d e s c r ip tio n  o f w ater c o n tro l  model) i s  determ ined by summing 
up th e  i r r ig a t io n  demand by a l l  o f the  i t h  f i e ld s  (A ^  =
1 AIRG.; n=the number of f i e l d s ) ,  w hile  th e  w ater added to  a  p a r t i c u l a r  
i= l  1
2
g r id  p o in t (mesh s iz e  = 4 x 4 mi ) in  a f i e l d  (IRQ) i s  e s tim a ted  using  
th e  fo llow ing  equa tion :
IRQ = (A/A^)AIRG^(86400/AREA7(144.)/12.
where
IRG = th e  w a te r added to  a g r id  p o in t in  the  i t h  f i e l d  ( in .)
A = the  amount o f w ater flow a llo c a te d  to  a g r ic u l tu re  
on a p a r t i c u la r  day (F t^  sec”  ^ -  see w ater 
c o n tro l  model)
I n te r a c t io n  w ith  the Ecosystem 
The Botany Model in te r a c t s  w ith  t o ta l  ecosystem  by u sing  the  
fo llo w in g  inpu t param eters:
1) hou rly  wind speed (VJND), a i r  tem pera tu re  (T ),
6" s o i l  tem perature  (T S), and n e t  sh o rt wave 
s o la r  r a d ia t io n  (SR); along  w ith  the r a i n f a l l  
r a t e  (PR)
2) the  s o i l  m o is tu re  a v a ila b le  fo r  ev a p o ra tio n  from 
the 0-24 inch  lay e r  (SMT -  see d e s c r ip tio n  o f th e  
hydrology model)
3) the  h a rv e s t  r a t e s  o f ABM (HAR), ASD (HS), and 
LIT (HL) by the  c a t t l e .
The param eters in  1 ), 2 ) , and 3) a re  sim ulated  by the atm ospheric
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model, the  hydrology model and Zoology model r e s p e c t iv e ly .
Zoology Model
The Zoology model i s  designed to  sim ulate  the  p roduction  o f m ilk 
and meat fo r  consumption by people in  the urban a re a .  The model has 
d a iry  and beef c a t t l e  h e rd s  fo r  producing m ilk and m eat. The c a t t l e  
a re  fed by g raz ing  in  th e  g ra ss  f ie ld s  or by e a tin g  cu t g rass  in  feed 
l o t  a re a s . The zoology model i s  d e te rm in is t ic  in  s t r u c tu r e  and i s  
p r im a rily  responsive  to  th e  ou tpu t from the botany m odel. I t  i s  run  
u sin g  m onthly time s te p s .
The s t r u c tu r e  of th e  zoology model i s  shown in  F ig u re  19. Feed 
l o t  c a t t l e ,  range c a t t l e  (y e a r lin g  c a t t l e )  and b reed ing  c a t t l e  a re  the 
th re e  types considered  in  the  beef h e rd s . The b reed ing  c a t t l e  produce 
c a lv es  in  th e  sp ring  (A p r il ,  May and June) which com prise the range 
c a t t l e  h e rd . Both the  b reed in g  c a t t l e  and th e  range c a t t l e  g raze on 
th e  g rass f ie ld s  from A p r i l  through September. During th is  time period 
th e  breeding  and range c a t t l e  consume ABM, ASD and LIT w ith  equal
p re fe ren ce  u n t i l  the biom ass in  a p a r t ic u la r  ca tego ry  reaches a c r i t i c a l
2 2 2 v a lu e  (ABM < 50 gm/m , ASD < 23 gm/m and LIT < 25 gm/m ) .  When th is
c r i t i c a l  v a lu e  i s  reached , the  c a t t l e  rep la ce  th is  a sp e c t of th e i r
d i e t  by s e le c tin g  g rass  from the  o th e r  c a te g o rie s  u sin g  ASD, ABM and
LIT in  descending o rd er .  I f  th e re  i s  i n s u f f i c i e n t  g rass  fo r  g raz ing
th e  c a t t l e  a re  tra n sp o rte d  to  an o th e r g rass f i e l d ,  o r moved to the
feed  l o t s  (see  d e s c r ip t io n  of Range Management m odel). I f  the range
c a t t l e  a re  moved to  feed l o t s ,  th e  breeding  c a t t l e  a re  fed  cut g r a s s .












Fig. 19. This figure presents a flow diagram of the zoology model. Boxes connected 
by lines with arrow heads indicate a flow of biomass from one category to 
another.
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During the growing season  (March -  November) the lo c a t io n , a r e a l  e x te n t 
o f the  g raz ing  lan d , and amount of g ra ss  consumed a re  recorded fo r each 
range c a t t l e  herd and i t s  accompanying breeding h e rd . The amount of 
g ra ss  consumed by a g raz in g  herd in  a p a r t ic u la r  f i e l d  i s  determ ined 
u s in g  the  fo llow ing  eq u a tio n s ;
HAR = NGZ‘NLB«0.33/(86400. *NAREA)
HS = NGZ-NLB « 0 .3 3 /(86400. «NAREA)
HL = NGZ.NLB‘ 0 ,33/(86400. «NAREA)
where
NGZ = the  t o t a l  number of c a t t le  g raz ing  in  the f i e l d
NLB = grams o f g ra ss  consumed by a cow in  a day 
(23560 gm/day)
NAREA = t o t a l  a re a  in  the  f ie ld  (cm^)
HAR,HS,HL = the  h a rv e s t  r a t e  fo r  l iv e  g r a s s ,  s tand ing  dead 
and l i t t e r  by c a t t l e  in  the f ie ld  (gm/sec cm )
HAR, HS and HL a re  m odified  i f  the  amount o f biomass in  ABM, ASD or LIT
reaches the  c r i t i c a l  le v e l  (read  p rev ious d isc u ss io n ) .
From October u n t i l  March the  b reed ing  c a t t le  a re  fed cu t g ra s s .
A t the  beginning  of O ctober the  range c a t t l e  a re  pu t in to  feed lo ts  
where they a re  fed hay u n t i l  they reach  a c e r ta in  w eight o r age. The 
age and average w eight o f  the  feed  l o t  c a t t l e  are  reco rded  on a monthly 
b a s is  u n t i l  the  c a t t l e  reach  the  w eight a t  which they  a re  s lau g h te red  fo r  
m eat. The number o f b reed ing  c a t t l e  i s  regu la ted  a s  a fu n c tio n  of the  
demand fo r  m eat. In c re a se s  in  th e  b reed ing  c a t t le  herd  w i l l  come from 
feed  lo t  c a t t l e  th a t  have reached a c e r ta in  w eight. Breeding c a t t l e  have 
a constan t w eight and t h e i r  age i s  no t reco rded . Feed lo t  c a t t l e  produce 
w a te r p o llu tio n  th a t  in f lu e n c e s  the  r iv e r  system . The d a ily  w ater
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p o l lu t io n  r a te  d e s ire d  by the feed lo ts  (PMX  ^ -  see d e s c r ip tio n  of the 
w a te r c o n tro l model) i s  c a lc u la te d  using  th e  fo llow ing  equation ;
where
PMX. = NFDC*0.0035 A
PMX. = the  maximum d a ily  w a te r p o llu tio n  r a t e  d e s ire d  
by the  feed  lo ts
NFDC = the  t o ta l  number o f  feed l o t  c a t t le
I f  th e  w ater p o llu tio n  r a t e  a llo c a te d  to  th e  feed l o t s  by the w ater 
c o n tro l  model i s  le s s  than  PMX^  then  the  c o s t  o f producing c a t t l e  
in c re a se s  as d i r e c t  fu n c tio n  of the  amount o f w ater p o llu tio n  th a t  is  
n o t allow ed to  be em itted  in to  the r iv e r .
Milk herds a re  fed cu t g ra s s . The amount o f m ilk  produced is  a 
fu n c tio n  of the number o f cows in  th e  h e rd . An in c rease  in  th e  herd 
s iz e  w i l l  come from the feed lo t  c a t t l e .
In te r a c t io n  w ith  the Ecosystem 
The zoology model in te r a c t s  w ith  the  t o t a l  ecosystem by using the 
fo llow ing  inpu t param eters:
1) the  feed lo t  w ater p o l lu t io n  r a t e  (P^) allowed 
by the  w ater c o n tro l m odel,
2) the  lo c a tio n  and number o f g razing  c a t t l e  in 
the  grazing  f i e l d s .
The param eters in  1) and 2) a re  sim ulated  by the w ater co n tro l model 
and the  range management model r e s p e c tiv e ly .
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E xecutive Model
The execu tive  model (c o n tro l program) i s  s e t  up to  m onitor and 
a c t  upon the in te rm e d ia te  r e s u l t s  from the  in te r a c t io n s  among the  f iv e  
prim ary submodels and a ls o  to  op tim ize the  reso u rce  management of the  
ecosystem . The execu tiv e  model u ses l in e a r  programming, d e c is io n  th eo ry , 
and sim ple lo g ic .  A flow  diagram  o f the  execu tive  model i s  given in  
F igu re  20. L inear programming op tim izes the  use o f  resou rce  v a r ia b le s  
su b je c t to  l in e a r  c o n s tr a in ts .  This i s  accom plished by op tim izing  an 
o b je c tiv e  fu n c tio n  th a t  co n sid e rs  both  the u t i l i t y  of the resource  
v a r ia b le s  and the  l in e a r  r e la t io n s h ip s  which c o n ta in  them. D ecision 
theo ry  i s  used to  determ ine the l e a s t  c o s t a c tio n  from a s e r ie s  of 
p o ss ib le  a l t e r n a t iv e s .  Each a c tio n  has a s p e c if ie d  c o s t r e la te d  to  a 
param eter c a lle d  the s t a t e  of n a tu re . The s t a t e  o f n a tu re  has c l a s s i f i ­
c a tio n s  which a re  r e la te d  ex p erim en ta lly  to  observed s to c h a s tic  v a r ia b le s .  
The r e la t io n s h ip  between th e  c o s t o f each a c tio n  and th e  s ta t e  o f n a tu re  
a re  summarized in  a c o s t ( u t i l i t y )  m a tr ix , w hile th e  r e la t io n s h ip  
between th e  s t a t e  o f n a tu re  and the  observed s to c h a s tic  v a r ia b le s  a re  
summarized in  c lim ato logy  m a tr ic e s .
S p e c if ic a l ly  the  ex ecu tiv e  model uses l in e a r  programming to  optim ize 
the  a l lo c a t io n  o f the  w ater re so u rces  and a lso  to  optim ize in d u s t r ia l  
p roduction  su b je c t to  a i r  p o l lu t io n  c o n s tr a in ts .  D ecision  theory  is  
used to  determ ine the  op tim al ( l e a s t  c o s t)  range management p o l ic ie s ,  
w hile  Boolean lo g ic  is  used to m anipu la te  the sim ple geophysica l and 
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F i g .  20 . O v e r a l l  s t r u c t u r e  o f  t h e  e x e c u t i v e  s u b r o u t i n e  I s  shown In  t h i s  f i g u r e .
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W ater Resource Management 
The model fo r  c o n t r o l l in g  th e  use of w a te r  resources  in  the 
ecosystem i s  shown in F igu re  21. I t  cons iders  a lak e - s t r e a m -r iv e r  
complex i n  which the  u se  of e x is t in g  water re so u rces  i s  optim ized.
The assumption i s  made th a t  the water flowing i n to  the  lake comes from 
r a i n f a l l  ru n o ff  and c o n t r o l le d  upstream w ater so u rc e s .  The maximum 
amount of lake water a v a i l a b l e  f o r  use by the  system i s  c o n tro l le d  
as a  fu n c t io n  of the  la k e  l e v e l .  The w ater f lowing from the lake i s  
e i t h e r  used by the c i t y ,  in d u s t ry  and a g r i c u l t u r e ,  or allowed to  flow 
f r e e l y  down th e  r i v e r ,  A s p e c i f ie d  percentage used by the  consumers 
( c i t y ,  in d u s t ry ,  a g r i c u l tu r e )  i s  re tu rned  to  r i v e r  and con ta ins  p o l lu t io n  
genera ted  by the  consumers. The l in e a r  programming model c o n s tra in s  
the r e s u l t s  so t h a t  w ater  flow and p o l lu t io n  l e v e l s  below the  c i t y  
w i l l  be w i th in  a ccep tab le  l i m i t s .  The m athematical re p re s e n ta t io n  of 
t h i s  model in  the  l i n e a r  programming format i s  rep re sen ted  below.
Maximize [Q = k ,M + K„A + K ,I -  K,VJFD +  K.P„ + K,P, + K^P^]1 2 3 4 5 M 6 A 7 1
s u b je c t  to  the following c o n s t r a in t s :
M + A + I  + R = WFD 
+ R >
+ I^ A ^2^ + H^I + R)
VJFD <  zmL
-  hm
= «/«MX
water flow from upstream source
water utilization
LAKE
Water from the ^ -- ^
dam is controlTed 
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M = w ater used by the c i t y  ( f t  sec )
3 “1A = water used by a g r i c u l tu re  ( f t  sec )
3 "1I  = water used by industry  ( f t  sec )
3 “1R = water flowing f re e ly  down the r i v e r  ( f t  sec )
3 "1WFD = water flow from the lake ( f t  sec"  )
= percentage of water re tu rn ed  by the  th re e  consumers 
(M,A,I)
RMN^  = the  minimum allowable water flow below the c i t y  
( f t ^  sec)
3 “1R^ = water flow below the c i t y  ( f t  sec )
P = water p o l lu t io n  returned to the r i v e r  by the
th re e  consumers ( lb /sec )
ZZtJL = maximum amount of water allowed to  flow from the
lake  ( f t ^  sec“^ ) ,  ZZWL i s  a fu n c t io n  of the  lake
le v e l  (see Appendix F fo r  fu n c t io n a l  r e l a t io n s h ip )
= the minimum water flow r a t e  d e s ire d  by the 
consumers ( f t ^  sec" )
PMX^,PMX^,PMXj = the maximum water p o l lu t io n  r a t e  d e s ire d  by 
the consumers (lb sec"^)
maximum water flow r a t e  d e s ire d  by the 
consumers ( f t  sec" l)
3
Kg = perm iss ib le  p o l lu t io n  le v e l  ( lb  per  f t  of  water)
The model assumes t h a t  the water a l lo c a te d  to  the consumers i s  taken
out of the  r i v e r  system a t  a po in t j u s t  below the dam, while the water
and p o l lu t io n  r e tu rn e d  to  the  r iv e r  by the consumers i s  em itted  a t  t h i s  
same p o in t .  The w a te r  a l lo c a te d  to  the c i t y  i s  used to  s a t i s f y  municipal
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w ater  demand fo r  d rinking  w a te r  and sewage c o n t r o l .  I n d u s t r i a l  water 
demand i s  used to  s a t i s f y  the  water needs o f  in d u s t ry  in  the  c i t y ,  w hile  
th e  w a te r  a l lo c a te d  fo r  a g r i c u l tu re  i s  used to i r r i g a t e  crop land .
Water p o l lu t io n  em itted  by the  c i ty  and in d u s t ry  come from u n trea ted  
sewage and in d u s try  w astes, while  the w ater  p o l lu t io n  em itted  by 
a g r i c u l tu r e  comes from a feed  l o t  near the c i t y .  The maximum amount 
of water and maximum water p o l lu t io n  emission r a t e s  d e s ire d  by the 
consumers corresponds to th e  le v e ls  o f  consumption needed to s a t i s f y  
a l l  of  t h e i r  need s , while th e  minimum amounts o f  w ater  and minimum w ater  
p o l lu t io n  emission r a t e s  d e s i re d  by the  consumers a re  the lowest l e v e l  
of consumption which the consumers can use w ithou t  being forced to  shut 
down com pletely . The average d a i ly  w a te r  consumption r a t e s  fo r  the 
consumers a re  determined by u s ing  the prim al simplex a lgo r ithm  th a t  has 
p o s i t iv e  upper bounds on the  b a s ic  v a r ia b le s  to  so lve the w ater c o n tro l  
l in e a r  programming model once every tw enty-four h o u rs .  The input param eters  
needed by the  model a re  the lak e  l e v e l ,  d e s ire d  w ater  consumption r a t e s  
f o r  the consumers, and the d e s i re d  water p o l lu t io n  emission r a t e s  of 
th e  consumers. The des ired  water consumption r a t e s  and w ater  p o l lu t io n  
emission r a t e  fo r  the  c i ty  i s  a function  of the t o t a l  popu la tion  of the 
c i t y ,  w hile  these  same r a t e s  f o r  in d u s try  a re  a func t ion  of the i n d u s t r i a l  
a c t i v i t y  in  the c i t y .  The d e s i re d  water consumption r a t e  fo r  a g r i c u l tu r e  
i s  a d i r e c t  fu n c t io n  of i r r i g a t i o n  water demand w hile  the d es ired  water 
p o l lu t io n  emission r a t e  is a  d i r e c t  fu n c t io n  of the  number of c a t t l e  
in  the feed l o t .
The outpu t from the  l i n e a r  programming model g ives  th e  daily- 
average water flow r a t e s  t h a t  a re  a l lo c a te d  fo r  the  th re e  consumers and
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s p e c i f ie d  the amount o f  water to  be re leased  from the la k e .  The 
model a ls o  s p e c i f i e s  th e  water p o l lu t io n  emission r a t e  allowed the 
consumers and de te rm ines  the r i v e r  flow r a t e  below the  p o in t  where 
w ater  c o n tro l  model i s  u t i l i z e d .
I n te r a c t io n  with  the Ecosystem 
The water c o n t ro l  model i n te r a c t s  w ith  the  r e s t  of the  ecosystem 
by us ing  the  fo llow ing  input param eters:
1) the  lake le v e l  (LK)
2) PMXj, and
4) PMX
The parameters in  1 ) ,  2 ) ,  3 ) ,  and 4) a re  s im ulated  by the  hydrology 
model, urban model, botany model and the zoology model r e s p e c t iv e ly .
A ir  P o l lu t io n  Control 
The production l e v e l  o f  f a c t o r i e s  th a t  emit a i r  p o l lu t io n  a re  o p t i ­
mized using  l in e a r  programming model t h a t  maximizes the  f a c to ry  produc­
t io n  su b jec t  to l i n e a r  c o n s t r a in t s  th a t  r e q u i re  th e  a i r  p o l lu t io n
3
co n c en tra t io n  (gm/m ) to  be below s p e c i f ie d  c r i t i c a l  l e v e l s  a t  the  a i r  
p o l lu t io n  m onitoring  p o in ts  in  the  c i t y .  F igure  22 shows the  lo c a t io n  
of the  f a c to r i e s  and th e  a i r  p o l lu t io n  m onitoring p o in t s .  The lo c a t io n  
of the  f a c t o r i e s  and th e  d e s i re d  a i r  p o l lu t io n  emission r a t e s  fo r  each 
f a c to ry  a re  determined from the 1968 SO  ^ a i r  p o l lu t io n  d a ta  from the 
c i t y  of Houston, Texas (Report fo r  C onsu lta t ion  on the M etropo li tan  
Houston-Galveston I n t e r s t a t e  A ir  Q uality  Control Region, 1969), The 
model assumes th a t  the  a i r  p o l lu t io n  emission r a t e  fo r  a g iven f a c to ry
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Fig. 22. Position of the air pollution monitor points and SO^ air
pollution source. The SOg air pollution sources are chosen to 
approximate the Important SOg air pollution sources In Houston, 
Texas, while the pollution monitoring points are chosen arbitrarily.
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i s  p ro p o r t io n a te  to  the production r a t e  o f  the  f a c t o r y .  Thus, a 
f a c to ry  producing a t  i t s  peak production r a t e  w i l l  be em itt in g  a i r  
p o l lu t io n  a t  i t s  peak r a t e .  The mathematical d e s c r ip t i o n  of the  l in e a r  
programming model i s  given below.
Maximize
16
[Z = Z P.K.] 
i= l   ^ ^
Pi = X.Q.






" i "  r e f e r s  to  the 16 f a c t o r i e s  e m it t in g  a i r  p o l lu t io n  
" j "  r e f e r s  to  the  10 a i r  p o l lu t io n  m onitoring  p o in ts  
Z = p r o f i t  (d o l la r s  sec  )
K. = p r o f i t  parameter f o r  the  type of product produced 
^ by th e  i t h  f ac to ry  ( d o l l a r s  per  u n i t  produced)
P. = the production r a t e  of the  p roducts  of the  i t h  
^ f a c to ry  (number of u n i t s  per sec)
X. = the number of p roduction  u n i t s  per gram o f  p o l lu t io n  
^ em itted  by the i th  f a c to ry  (units /gm )
S . . = X- /Q. value a t  the  j t h  m onito ring  p o in t  caused by 
 ^ the i t h  p o l lu t io n  source  (sec m“ ^)
. = the a i r  p o l lu t io n  c o n c e n t ra t io n  of the j t h  ^ 
monitoring po in t  caused by the  i t h  f a c to ry  (gm/m )
Q. = the a i r  p o l lu t io n  emission r a t e  o f  the i t h  fa c to ry  
^ (gm/sec)
= the maximum production  l e v e l  f o r  the  i t h  fa c to ry  
^ ( u n i t s / s e c )
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PMX. = maximum allowable a i r  p o l lu t io n  c o n c e n tra t io n  
 ^ a t  the  j t h  monitoring p o in t  (gm/m^)
The v a lu e s  of a re  determined using  th e  fo llow ing  equation:
= ((NB + MB + DI)/NIND)»P?
where
NB = number of new businesses  in  the c i t y  (see 
Urban model)
MB = number of mature bus inesses  in  the  c i t y  (see  
Urban model)
DI = number of dec lin in g  in d u s t r ie s  in  the  c i t y  
(see  Urban model)
KIND = th e  t o t a l  number of i n d u s t r ie s  a t  the beginning 
o f  the  sim ulation
P? = th e  d e s ire d  production r a t e  (# of u n i t s  per sec) 
^ o f  the  i t h  f a c to ry  a t  the  beginning of the 
s im u la t ion
The average d a i ly  p roduction  r a t e  fo r  each f a c to ry  in  th e  c i t y  i s  
determined by us ing  the prim al simplex a lgorithm  to  so lve  the a i r  p o l lu ­
t i o n  c o n t r o l  model once every twenty-four h o u rs .  The in p u t  va lues  
needed to  so lve  the  model inc lude  the d es ired  production  le v e l s  of the  
f a c t o r i e s  and the f o r  each of the  p o l lu t io n  m onitoring  p o in ts .
The va lues  a re  determined from the a i r  p o l lu t io n  model in  the
atm ospheric  sub rou tine  by using  the p red ic ted  tw enty-four hour average 
wind speed and wind d i r e c t i o n  as input va lues  fo r  the a i r  p o l lu t io n  
model. The technique used to  so lve fo r  the values  i s  p resented
in  the  d e s c r ip t i o n  of the atmospheric submodel. The d e s i re d  production 
l e v e l  o f  each of th e  f a c t o r i e s  i s  a d i r e c t  fu n c t io n  of th e  l e v e l  of 
i n d u s t r i a l  a c t i v i t y ,  which i s  determined by the  ind u s try  submodel in
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the urban su b ro u t in e .  The p red ic ted  p roduction  le v e l s  determined by 
the  a i r  p o l lu t io n  c o n t r o l  model are  compared w ith  ( P ^  = the  minimum 
p r o f i t a b l e  p roduction  l e v e l  fo r  the i t h  fac to ry )  t o  determine i f  the  
recommended production  le v e l s  are l e s s  than the  minimum p r o f i t a b l e  
production  l e v e l s .  I f  the p red ic te d  production  l e v e l  i s  l e s s  than  P ^  
then  the  production  r a t e  of the  i th  f a c to ry  i s  s e t  equal to  ze ro .  
Otherwise the  p roduction  l e v e l s  p red ic te d  by the  a i r  p o l lu t io n  c o n t ro l  
model a re  no t m odif ied . The d i r e c t  r e l a t i o n s h ip  between the  production  
le v e l  of a f a c to ry  and the a i r  p o l lu t io n  emission r a t e s  o f  a f a c to ry  is  
used to  p r e d ic t  the tw en ty -fou r  hour average a i r  p o l lu t io n  emission 
r a t e  fo r  each f a c to ry .  These emission r a t e s  a re  used by the  atm ospheric 
sub rou tine  to  p re d ic t  th e  a i r  p o l lu t io n  f i e ld  in  th e  urban a re a .
I n t e r a c t i o n  with the Ecosystem 
The in p u t  param eters  u t i l i z e d  by th e  a i r  p o l lu t io n  c o n t ro l  model 
a re  l i s t e d  below.
1) Xij/Qi
2) NB, MB, DI
The param eters in  1) a r e  simulated by the  atmospheric model w hile  the  
parameters in  2) a re  s im ula ted  by th e  urban model.
Range Management
The execu tive  r o u t in e  uses dec is ion  theory and simple c o n s t r a in t s  
to  determine optim al range management a c t io n s  f o r  th e  range c a t t l e  h e rd s .  
The model i s  s e t  up so th a t  th e re  a re  fou r  p o ss ib le  management a c t io n s  
which in c lu d e :
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1) keeping  the c a t t l e  in  t h e i r  p re se n t  g raz ing  a rea
w ith o u t  supplying a d d i t io n a l  food,
2) keep ing  the c a t t l e  in  t h e i r  p resen t  g raz ing  a rea
and p rovid ing  a l l  the  food req u ired  fo r  a month,
3) moving the c a t t l e  to  a new grazing  a re a ,
4) moving the  c a t t l e  to  the  feed l o t s .
The range management model uses d a i ly  and monthly time s teps  in  fo rm u la t­
ing  management p o l i c i e s .  The t o t a l  above ground biomass i s  checked
d a i l y  and the  c a t t l e  a re  perm itted  to  graze on the  g rass  i f  th e r e  i s
2 2 2 s u f f i c i e n t  food (ABM < 50 gm/m , ASD < 25 gm/m , LIT < 25 gm/m ) .  I f
th e re  i s  i n s u f f i c i e n t  g ra s s  the c a t t l e  a re  fed only cu t g ra ss  u n t i l  the
end of the  month. I f  th e  g ra s s  becomes i n s u f f i c i e n t  fo r  g raz ing  a t  any
time during a monthly p e r io d ,  then a d e c is io n  must be made a t  the  end
of  the month e i t h e r  to  keep the  c a t t l e  on the grazing  a re a  or to  move
th e  c a t t l e  e lsew here . D ec is io n  theo ry ,  using a co s t  m atr ix  and clim ato logy
m atr ix ,  determines which of these  a l t e r n a t i v e  a c t io n s  i s  optim al
( l e a s t  c o s t ) . The co s t  m a tr ix  r e l a t e s  the  co s t  of each a c t io n  to  the
s t a t e  of n a tu re ,  which i s  th e  g rass  growing p o te n t ia l  fo r  the nex t
month. I f  the  g rass  growing p o te n t i a l  i s  very good fo r  the  n e x t  month,
then  the  l e a s t  co s t  a c t i o n  i s  to  keep the  c a t t l e  in  the  p re se n t  g raz ing
a r e a ,  while  w ith  poor growing c o n d it io n s  the  l e a s t  co s t  a c t io n  i s  to
move the c a t t l e  to  an o th e r  a r e a .  The clim ato logy  m atrix  r e l a t e s  the
g ra s s  growing [ o t e n t i a l  f o r  the  next month ( s t a t e  of na tu re )  to  the
f o re c a s t  cveragc- s o i l  m o is tu re  fo r  the  next month. This m atr ix  dem onstrates
t h a t  high va lues  of s o i l  m o is tu re  a re  r e l a te d  to  good growing c o n d it io n s
w hile  low va lues  a re  r e l a t e d  to  poor growing c o n d i t io n s .  The f o r e c a s t
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s o i l  m ois tu re  f o r  each month i s  determined by u s ing  the fo llow ing 
equa tion :
FSM = (SMT +  VSML(t) +  SMT) (yg )
where
FSM = f o re c a s t  average s o i l  m o is tu re  a v a i l a b le  fo r  
evaporation
SMT = observed s o i l  m o is tu re  a v a i l a b l e  fo r  evapora tion  
a t  the  beginning of the  month
VSML = the  c l im a to lo g ic a l  change in  s o i l  m ois tu re  from 
the  beginning o f  the  month to  the  end of the 
month ( fu n c t io n  of time of y ea r  -  see Appendix F)
The techn ique  by which the  co s t  m a tr ix  and the  experim ental m atr ix
a re  used to  de te rm ine  the optim al a c t io n  i s  p re se n ted  by Chernoff and
Moses (1939). I f  the  d e c is io n  i s  made to  keep th e  c a t t l e  in the
p rese n t  g raz in g  a r e a ,  then th e  c a t t l e  a re  fed s to re d  fo rage  fo r  the
next month. A d e c is io n  to  move the c a t t l e  means t h a t  the c a t t l e  go
e i t h e r  to  a new g raz in g  a re a  or to  the  feed l o t .  The c a t t l e  a re  moved
to  a new g raz in g  a re a  i f  th e r e  i s  such an a re a  where the  t o t a l  above ground
2
biomass i s  g r e a t e r  than 150 gm/m . I f  none of th e  g raz in g  a reas  s a t i s f y  
t h i s  c o n d it io n  then  the c a t t l e  a re  moved to  the  feed  l o t s .  I f  the 
y e a r l in g  c a t t l e  a re  t r a n s f e r r e d  to the  feed l o t  b e fo re  the y e a r l in g  
c a t t l e  a re  scheduled to be born , then th e  model assumes th a t  the  unborn
c a t t l e  a re  born on th e  l a s t  day of the  month t h a t  the  c a t t l e  a re  in  a
graz ing  f i e l d .  Once the c a t t l e  are  t r a n s f e r r e d  to  the  feed l o t ,  they a re  
not allowed to  be re tu rn ed  to  the g raz ing  f i e l d s .
I n te r a c t io n s  with the  Ecosystem 
The range management model i n t e r a c t s  w ith  th e  ecosystem by using
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SMT and th e  above ground biomass (ABM, ASD, and LIT) in  th e  grazing 
f i e l d s  as inpu t  p a ram ete rs .  SMT is  determined fo r  the f i e l d  where 
th e  c a t t l e  a re  lo c a te d  by th e  hydrology model w h ile  ABM, ASD, and LIT 
a r e  determ ined by th e  botany model.
CHAPTER IV
TESTING THE MODEL
V a l id a t io n  and s e n s i t i v i t y  a n a ly s i s  a re  the two techniques 
used to  t e s t  the u rb a n - ru ra l  ecosystem model. V a l id a t io n ,  which i s  a 
simple comparison of s im ulated computer r e s u l t s  with  observed da ta  s e t s ,  
i s  the most common technique used to  t e s t  models. D e te rm in is t ic  models 
a ttem pt to  reproduce observed da ta  s e t s  e x a c t ly ,  w hile  s to c h a s t ic  models 
produce d a ta  t h a t  reproduce c e r t a i n  s t a t i s t i c a l  p r o p e r t ie s  of observed 
d a ta .  A s e n s i t i v i t y  a n a ly s is  dem onstrates  the response  of the model to 
v a r i a t i o n s  in  the  parameters th a t  c o n t ro l  i t .  The r e s u l t s  of a s e n s i t i v ­
i t y  a n a ly s i s  a re  used to provide a p re l im inary  v a l id a t io n  of models th a t  
do not have s u f f i c i e n t  observed da ta  a v a i l a b l e .  A more thorough d iscuss ion  
of the a t t r i b u t e s  of s e n s i t i v i t y  a n a ly s i s  and v a l id a t io n  i s  presented in 
Chapter I I .
A thorough t e s t in g  of the model would r e q u i re  th a t  v a l id a t io n  
procedures and s e n s i t i v i t y  a n a ly s i s  be performed on the t o t a l  ecosystem 
model. This type of t e s t in g  procedure i s  u n fe a s ib le  because of 1) da ta  
a c q u i s i t i o n  problems, 2) the immense amount of d a ta  req u ired  to perform 
such a t e s t i n g  procedure, 3) the  time needed to complete such a ta s k ,  
and 4) the  dubious value of performing a complete t e s t in g  procedure on 
the ecosystem model in  i t s  p re se n t  s t a t e  of development. A t o t a l  eco­
system model of an u rb a n - ru ra l  system would have to  be expanded to
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include  components no t  considered  in  the  p resen t  ecosystem model 
before  a complete t e s t in g  scheme would produce meaningful r e s u l t s .  I t  
i s  i n t e r e s t in g  to  note th a t  a complete s e n s i t i v i t y  a n a ly s i s  o f  the t o t a l  
ecosystem would r e q u i r e  t h a t  over 100 parameters be a l t e r e d  in d iv id u a l ly  
to a s c e r ta in  t h e i r  e f f e c t  upon the  model.
V a l id a t io n  and s e n s i t i v i t y  an a ly s is  are  used to thoroughly t e s t  
s e le c te d  segments of the ecosystem model. An important c r i t e r i o n  in 
the s e le c t io n  of segments of the  model to  be te s te d  i s  th e  r e l a t i v e  
a v a i l a b i l i t y  of observed d a ta .  The t e s t in g  procedure performed on the 
model a lso  dem onstra tes  how the  c r i t i c a l  parameters i n  th e  d i f f e r e n t  
subrou tines  in f lu en ced  the ev o lu t io n  o f  the u rb an -ru ra l  ecosystem. A 
l i s t  of the t e s t s  performed on the  f iv e  main subroutines and the 
execu tive  ro u t in e  are  p resen ted  in  t h i s  c h ap te r ,  along w ith  a summary 
of the r e s u l t s .  A more d e ta i l e d  d isc u ss io n  of the  r e s u l t s  of the 
te s t in g  scheme and the f ig u re s  and tab le s  i l l u s t r a t i n g  these  r e s u l t s  
are presen ted  in  Appendices A-F. A complete summary of the  inpu t data  
used fo r  the f iv e  main subrou tines  and execu tive  rou tine  are  a lso  p re ­
sented in  the appendices.
Atmospheric Subroutine 
The atm ospheric sub rou tine  used both s to c h a s t ic  and d e te rm in is t ic  
modelling techniques to  s im ula te  d a i ly  obse rva t ion  of the  atmospheric 
param eters , A model t h a t  combines both s to c h a s t ic  and d e te rm in is t ic  
modelling techniques i s  considered a s to c h a s t i c  model and i s  v a l id a te d  
by comparing s t a t i s t i c a l  a t t r i b u t e s  of the model ou tput w ith  those of 
observed data  s e t s .  I n  a d d i t io n  to the v a l id a t io n  procedure, a s e n s i t i v i t y  
an a ly s is  which dem onstra tes  the  e f f e c t  o f  the contro l param eters  on the 
model could a lso  be performed.
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The t e s t i n g  scheme used on the atmospheric model i s  a v a l id a t io n  pro­
cedure in  which the d a ta  s im ulated  from a fo u r te en -y e a r  run of the model 
i s  used to  determine the frequency d i s t r i b u t i o n  and average monthly values  
fo r  the  param eters p red ic ted  by the model. These s t a t i s t i c a l  a t t r i b u t e s  
fo r  the  sim ulated  da ta  a re  compared w ith  the same s t a t i s t i c a l  a t t r i b u t e s  
determined from observed c l im a to lo g ic a l  input da ta .  Five years  of d a i ly  
w eather obse rva t ion  a t  Oklahoma City (1965 -  1970) and one yea r  of NSSL 
tower d a ta  (1967 -  1968) a re  used as the  inpu t  c l im a to lo g ic a l  da ta  fo r  
the model. In  a d d it io n  to  the v a l id a t io n  procedure , a s e n s i t i v i t y  of 
the  d e te r m in is t ic  segments of the atmospheric subrou tine  is  a ls o  run . The 
s e n s i t i v i t y  a n a ly s i s  i s  performed in  o rd er  to  provide a p relim inary  
v a l id a t io n  of the d e te rm in is t ic  segments. A more thorough v a l id a t io n  
procedure is  no t performed on the d e te r m in is t ic  segments of the  atmos­
p h e r ic  model because of the  lack of observed d a ta  s e t s .
S p e c i f i c a l ly ,  the  wind d i r e c t i o n ,  r e l a t i v e  humidity and cloud 
cover are  t e s t e d  by comparing the  seasona l and y e a r ly  frequency d i s t r i ­
bu tions  genera ted  from sim ulated  da ta  w ith  the  app rop r ia te  frequency 
d i s t r i b u t io n s  derived  from c l im a to lo g ic a l  d a ta .  The wind speed is  
examined by determining the seasonal and y e a r ly  average values as a 
fu n c t io n  of wind d i r e c t i o n  fo r  the sim ulated  d a ta  and th a t  comparing 
these  average v a lues  of wind speed w ith  those determined from c lim a to lo g ­
ic a l  d a ta .  The s to c h a s t ic  r a i n f a l l  model i s  t e s t e d  by comparing monthly 
average number of r a in  days, monthly average r a i n f a l l ,  and the frequency 
d i s t r i b u t i o n  of r a i n f a l l  amounts with th e  a p p ro p r ia te  s t a t i s t i c s  genera ted  
from the c l im a to lo g ic a l  inpu t d a ta .  The s p a t i a l  d i s t r i b u t io n  of r a i n f a l l  
in the  ecosystem i s  i l l u s t r a t e d  by comparing the  average monthly r a i n f a l l  
amounts fo r  th re e  of the g r id  po in ts  in the ecosystem. Monthly average 
va lues  fo r  the maximum and minimum a i r  tem pera tu re  determined from the
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sim ulated  da ta  a re  compared with  the average monthly maximum and 
minimum a i r  tem perature  a t  Oklahoma C ity  (1931 -  1967). The r e s u l t s  
of the above t e s t i n g  procedures in d ic a te  a favorab le  comparison between 
the  frequency d i s t r i b u t i o n s  and average monthly va lues  of the parameters 
determined from the sim ula ted  data  and those generated  from the c lim a to lo g ­
i c a l  d a ta .
The d e te r m in is t ic  a i r  p o l lu t io n  model, r a d ia t io n  balance model 
and urban hea t  i s la n d  wind a r e  examined using s e n s i t i v i t y  a n a ly s i s .  The 
s e n s i t i v i t y  of the a i r  p o l lu t io n  model to va r io u s  wind speeds and s t a b i l i t y  
c l a s s i f i c a t i o n s  i s  dem onstrated by changing these  parameters and observing 
the  s im ulated  a i r  p o l lu t io n  f i e l d s .  The s e n s i t i v i t y  of the  r a d i a t i o n  
balance  model to  the  twelve inpu t param eters i s  a s c e r ta in e d  by a l t e r i n g  
each o f  the  param eters s e p a ra te ly  and observing the e f f e c t  upon the simu­
la te d  d a i l y  maximum and minimum a i r  tem pera tu re .  The urban hea t  is land  
e f f e c t  i s  demonstrated by comparing the simulated a i r  tem perature  a t  a 
p o in t  in  an urban a re a  w ith  the  sim ulated  a i r  tem perature a t  a p o in t  in  
a r u r a l  a r e a .  The s e n s i t i v i t y  of the  u rb a n - ru ra l  tem perature  d i f fe re n c e  
to  cloud cover, wind speed and time of year a re  a ls o  dem onstrated . The 
s e n s i t i v i t y  of the urban hea t  is land  wind model i s  shown by changing the 
urban minus r u r a l  tem pera ture  d i f f e re n c e  and observing the  wind f i e l d s  
produced by these  v a r i a t i o n s .
In  g en e ra l ,  the  r e s u l t s  of the  s e n s i t i v i t y  a n a ly s i s  demonstrate 
th a t  submodels of the  atmosphere ro u t in e  respond to  v a r i a t i o n  of the 
d r iv in g  param eters in  a manner c o n s is te n t  w ith  su b je c t iv e  judgement.
Hydrology Model
Hydrology model uses d e te r m in is t ic  modeling techniques to  s im ula te  
the  hydro log ie  response  to  th e  d r iv in g  atmospheric param eters .  The v a l id a -
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t i o n  of such a d e te r m in is t ic  model can be achieved by d r iv ing  the 
model w ith  an observed time s e r i e s  of atmospheric parameters and then 
comparing the  sim ulated  time s e r i e s  of hydrology parameters with the 
observed time s e r i e s  of hydrology parameters th a t  correspond to  the  
d r iv in g  atm ospheric  time s e r i e s .  Another technique f o r  v a l id a t io n  would 
be to d r iv e  the hydrology model with a s to c h a s t ic  atmospheric s im ula tion  
model t h a t  uses c l im a to lo g ic a l  da ta  from a p a r t i c u l a r  a rea  as inpu t d a ta  
and then compare the  s t a t i s t i c a l  a t t r i b u t e s  of the simulated time s e r ie s  
o f  hydrology param eters w ith  the  s t a t i s t i c a l  a t t r i b u t e s  of an observed 
time s e r i e s  of hydrology param eters .  The observed time s e r i e s  of 
hydrology param eters  would have to be observed a t  a po in t where the 
c l im a to lo g ic a l  inpu t  d a ta  fo r  the  atmospheric s im ula tion  model is  
observed . In  a d d i t io n  to  the above v a l id a t io n  procedures, a s e n s i t i v i t y  
a n a ly s i s  of the model could a l s o  be performed. N e ith e r  of the two 
v a l i d a t i o n  schemes a re  used because of d a ta  a c q u is i t io n  problems. A 
s e n s i t i v i t y  a n a ly s i s  i s  no t performed because the f a r i l y  simple mathe­
m a t ic a l  r e p r e s e n ta t io n s  used in  the model would cause the r e s u l t s  of a 
s e n s i t i v i t y  a n a ly s i s  to  be t r i v i a l  and in h e re n t ly  obvious.
The hydrology model i s  te s te d  by demonstrating i t s  a b i l i t y  to  sim­
u l a t e  a rea sonab le  hydro log ie  response to  the d r iv in g  atmospheric p a ra ­
m ete rs .  This is  accomplished by using the da ta  generated from a 14-year 
s im u la t io n  of the atm ospheric  and hydrology models to c a lc u la te  average 
monthly va lu e s  fo r  the  hydrology param eters .  These average values  a re  
compared w ith  the average v a lues  fo r  the atmospheric param eters .  The 
hydrology param eters  t e s t e d  in  t h i s  manner include;
s o i l  m oisture  (0 -6 ,  0-24, 25-48 in) 
s o i l  w ater  d rainage
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storm ru n o ff
p o te n t i a l  é v a p o tra n s p i ra t io n  
a c tu a l  e vapo ra tion  
lake  evapo ra tion  
r i v e r  flow
A 30-day time sequence m an ifes t ing  the response  of the s o i l  m oisture , 
e vapo ra tion  r a t e  and r i v e r  flow to  r a i n f a l l  in  ecosystem i s  a lso  demon­
s t r a t e d .  The e f f e c t  of s o i l  c h a r a c t e r i s t i c s  upon storm runoff  i s  i l l u s ­
t r a t e d  by c a lc u la t in g  the average monthly ru n o ff  fo r  sev era l  po in ts  in 
the  ecosystem th a t  have d i f f e r e n t  ru n o ff  c h a r a c t e r i s t i c s .  The r e s u l t s  of 
the  t e s t i n g  procedure fo r  the hydrology model in d ic a te  th a t  the hydrologie 
param eters  respond to  the d r iv in g  atm ospheric  parameters in  a c o n s is te n t  
manner,
Urban Model
The urban model could be te s te d  by performing a v a l id a t io n  
procedure and a s e n s i t i v i t y  a n a ly s i s  on the  model. The v a l id a t io n  
procedure i s  no t run on the  model because of da ta  a c q u is i t io n  problems 
and the  f a c t  t h a t  the  model needs to  be expanded be fo re  the r e s u l t s  of 
a v a l id a t io n  procedure would be m ean ingfu l.  A type of s e n s i t i v i t y  
a n a ly s i s  i s  performed on the model. This t e s t i n g  scheme demonstrates 
th e  response  of the  model to i t s  four  primary d r iv in g  mechanisms which 
inc lude  boundary movement, p opu la t ion  dynamics, i n d u s t r i a l  development 
and suburb dynamics. This is  accomplished by performing a s e r ie s  of 15- 
year  computer s im u la t io n s  of the  urban model in  which the parameters 
th a t  c o n tro l  the  d r iv in g  mechanisms a re  a l t e r e d  in d iv id u a l ly .  The 
e f f e c t s  of changing the c o n t ro l  param eters  a re  demonstrated by showing 
the  in f lu e n ce  of the  param eters  upon the e v o lu t io n  of the c i t y  and
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suburb boundaries , population  d e n s i ty  o f  the c i t y ,  i n d u s t r i a l  develop­
ment of the c i t y ,  and the frequency d i s t r i b u t i o n s  of the  a t t r i b u t e s  
a sso c ia ted  w ith  each suburb. The 1960 census d a ta  fo r  the U.S. and 
Houston, Texas i s  used to spec ify  the i n i t i a l  va lues  assigned to  the 
parameters in the urban model. A complete l i s t i n g  o f  the i n i t i a l  condi­
t io n s  o f  the  model and the c o n d i t io n a l  p r o b a b i l i t y  r e l a t i o n s h ip s  used 
in the  model a re  presented  in  Appendix C.
S p e c i f i c a l ly ,  the boundary movement i s  examined by vary ing  the 
parameters which d e f in e  the  boundary s t r e s s  and by changing the  c r i t i c a l  
boundary s t r e s s  va lues  th a t  determ ine when boundary movement w i l l  occur.
In  p a r t i c u l a r ,  the  e f f e c t  o f  a l t e r i n g  the  race  parameter in the  boundary 
s t r e s s  equa tion  and in c re as in g  the c r i t i c a l  boundary s t r e s s  va lues  are 
i l l u s t r a t e d .  The population  dynamics i s  t e s t e d  by varying the influence 
o f  the param eters  which d e f in e  the l i v a b i l i t y  o f  the suburbs and influence 
the two mechanisms (d if fu s io n  and d iscon tinuous  movement) by which a 
" s t a t i s t i c a l  man" can move w i th in  the  c i t y .  The t e s t in g  procedure demonstrates 
the e f f e c t  o f  a l t e r i n g  the a i r  p o l lu t io n  and popula tion  d e n s i ty  terms in  
the l i v a b i l i t y  g ra d ie n t  equa tion , and the  param eter which c o n tro ls  the per­
centage o f  people who move e i t h e r  by d iscon tinuous  or d i f f u s io n  moving 
techniques . I n d u s t r i a l  development is  examined by changing the  r a t e  para­
m eters  t h a t  c o n tro l  the growth of i n d u s t r i a l  a c t i v i t y  w ith in  the urban a rea .
In  p a r t i c u l a r ,  the  e f f e c t  of both in c re as in g  and decreasing  the  r a t e  of growth 
o f  new in d u s t r i e s  is  shown. Suburb dynamics i s  t e s t e d  by changing the r a t e  
param eters  th a t  c o n tro l  the  housing d i s t r i b u t i o n  and the a t t r i b u t e s  of the 
in h a b i ta n ts  of the suburbs. The e f f e c t  of modifying the r a t e  parameter 
which in c re ase s  the e d uca t iona l  l e v e l  o f  the people and the e f f e c t  of 
in c re as in g  the c o n s tru c t io n  r a t e  o f  new houses a re  both demonstrated in
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th e  t e s t in g  scheme. The r e s u l t s  of the  t e s t in g  procedure fo r  th e  
urban model in d ic a te  the  m odelling  mechanisms and c o n tro l  parameters 
considered  by the model are  very u s e fu l  in  s im u la t io n  of the dynamics 
o f  an urban a re a .
Botany Model
V a l id a t io n  and s e n s i t i v i t y  a n a ly s is  a re  both used to  t e s t  the 
d e te r m in i s t i c  botany model. The v a l id a t io n  procedure compares a simulated 
time s e r i e s  of the primary s t a t e  v a r i a b le s  (ABM, BBM, LIT, and SD) with 
th e  1970 warm season biomass da ta  fo r  the IBP Osage s i t e  (R isse r ,  1971). 
The s e n s i t i v i t y  of the  botany model to  s o i l  m o is tu re ,  s o i l  and a i r  
tem pera tu re ,  wind speed and s o la r  r a d ia t io n  i s  demonstrated by a numerical 
experiment which ran  the botany model fo r  a s e r i e s  of one-year s im ulations  
t h a t  u t i l i z e  d i f f e r e n t  d a ta  s e t s  fo r  the  l i s t e d  d r iv in g  v a r i a b le s .  The 
e f f e c t  of the  o v e r a l l  ecosystem on the botany model i s  shown in a two- 
y e a r  computer s im u la t ion  in which the botany model i s  run with the 
o v e r a l l  ecosystem. The r e s u l t s  of t h i s  s im ula t ion  a re  i l l u s t r a t e d  by 
a time s e r i e s  of ABM, LIT and SD fo r  four  warm season g rass  f i e l d s .  The 
f i r s t  f i e l d  i s  i r r i g a t e d  and not g razed , the  second i s  perm itted  to 
grow w ithou t any m o d if ic a t io n s ,  while the l a s t  two a re  grazed by c a t t l e .
A ten -year  computer s im u la t io n  of the  botany model i s  run in  order to  
determ ine the  monthly average values of the primary s t a t e  v a r ia b le s  fo r  
th e  four g ra s s  f i e l d s .  The r e s u l t s  of the v a l id a t in g  scheme and s e n s i ­
t i v i t y  a n a ly s i s  provide a p re lim inary  v a l id a t io n  of the  warm season grass 
botany model. An even longer time s e r i e s  of observed d a ta  i s  d e s i r a b le  
t o  provide a more convincing v a l i d a t i o n .
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Zoology Model
V a l id a t io n  and s e n s i t i v i t y  a n a ly s i s  techniques could be used 
to  t e s t  the  zoology model. A v a l i d a t i o n  scheme i s  not used because of 
da ta  a c q u i s i t i o n  problems and the f a c t  th a t  the model i s  not s u f f i c i e n t l y  
developed to  j u s t i f y  the use o f  normal v a l id a t io n  techn iques .  A type of 
s e n s i t i v i t y  a n a ly s i s  i s  used to  dem onstrate the response of the model to 
the  inpu t  v a r i a b l e s .  The r e s u l t s  from a fo u r-year  s im ula tion  of the  t o t a l  
ecosystem model is  used to  in d ic a te  the  responses of the  model to  the  
inpu t v a r i a b l e s .  The evo lu t ion  of the zoology model i s  i l l u s t r a t e d  by 
a time s e r i e s  of 1) the  number of g raz ing  and feed lo t  c a t t l e ,  2) the  
average weight of g raz ing  and feed l o t  c a t t l e ,  and 3) the  a v a i la b le  
g raz ing  g r a s s .  The e f f e c t  of d i f f e r e n t  range management po l icy  d e c is io n s  
a re  a l s o  demonstrated by th is  time s e r i e s .  A ten -y e a r  computer s im u la t io n  
of the zoology model i s  used to  determ ine the average monthly va lu e s  of ' 
the  number of g raz ing  and feed lo t  c a t t l e  and the average monthly weight 
of the g raz in g  and feed l o t  c a t t l e .  The r e s u l t s  of t h i s  t e s t i n g  method 
in d ic a te  t h a t  the zoology model responds to the input parameters in  a 
reasonab le  manner.
Executive Model
The execu tive  model is organized to c o n tro l  the  i n te r a c t io n s  
between the  f iv e  primary submodels and to  optimize resource  management. 
This type of model i s  no t v a l id a te d  by comparing observed data  s e t s  w ith  
s im ulated  d a ta  s e t s  because the model i s  intended to  be used to  demon­
s t r a t e  the e f f e c t  of d i f f e r e n t  management s t r a t e g i e s  on the e v o lu t io n  
of the ecosystem. The model i s  te s te d  by running a s e n s i t i v i t y  a n a ly s i s  
on the th r e e  primary submodels of the execu tive  model and by showing the
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in f lu en ce  th e se  submodels have on the o v e ra l l  ecosystem.
The s e n s i t i v i t y  o f  the  a i r  p o l lu t io n  c o n tro l  model to wind 
d i r e c t i o n ,  maximum a i r  p o l lu t io n  le v e l  pe rm itted  a t  the m onitoring 
p o in t s ,  and th e  o b je c t iv e  fu nc t ion  c o e f f i c i e n t s  ( c o e f f i c ie n t s  in d ic a te  
the  r e l a t i v e  importance o f  the d i f f e r e n t  f a c t o r i e s )  is  demonstrated by 
a l t e r i n g  these  param eters s e p a ra te ly  and observ ing  th e i r  in fluence  upon 
the  optim al p roduction  le v e l  perm itted  by the a i r  p o l lu t io n  con tro l  model. 
A two-year computer s im ulation  in which the a i r  p o l lu t io n  model is  
run in con junc tion  with the a i r  p o l lu t io n  c o n tro l  model i s  used to 
determine the average monthly p roduction  le v e l  o f  the urban fac to ry  
complex and the  average annual a i r  p o l lu t io n  f i e l d  for the urban a rea .
A comparison o f  the average annual a i r  p o l lu t io n  concen tra tions  fo r  
c o n tro l le d  and uncon tro l led  a i r  p o l lu t io n  emission r a te s  i s  a lso  p re ­
sen ted .
The s e n s i t i v i t y  of the w a te r  c o n tro l  model to the o b jec t iv e  
fu n c t io n  c o e f f i c i e n t s  and the maximum amount of water perm itted  to 
flow ou t  of the  lake (WD) is  i l l u s t r a t e d  by changing these parameters 
s e p a ra te ly  and observ ing  t h e i r  in f lu e n ce  upon the amount o f  water 
a l lo c a te d  to the  consumers (C ity , I n d u s t ry ,  and A gricu l tu re )  and the 
w ater  p o l lu t io n  emission r a t e s  allowed. A ten -y ear  time s im ula tion  of 
the o v e ra l l  computer model is  used to  determ ine average monthly values 
o f  w ater  a l lo c a te d  to the v a r ious  consumers, average monthly values of 
the r a t i o  of the  water received  by the consumers to the water d es ired  
by the  consumers, and a s im i la r  r a t i o  o f  w ater p o l lu t io n  allowed for 
a g r ic u l tu '-e  to  the  water p o l lu t io n  emission r a t e  des ired  by a g r i c u l tu re .  
The average v a lu e s  o f  the above param eters  a re  compared with  the monthly 
average  lake l e v e l .  A ten -year  tren d  in  the  average annual water consump-
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tio n  by the consumers and the average annual r a t i o  of water consump­
t io n  to  water demand a re  a ls o  p re se n ted .
The s e n s i t i v i t y  of d e c is io n  theory a spec t  of the  range manage­
ment model to the  c o s t  and c lim ato logy  m atr ices  i s  demonstrated by 
a l t e r i n g  the c o s t  and c lim ato logy  m atr ices  and observing the changes 
in  the optimal management s t r a t e g i e s ,  A ten -y e a r  computer time 
s e r i e s  in  which the zoology model i s  c o n tro l le d  by the  range management 
model i s  used to dem onstra te  the  ev o lu t io n  o f  range management p o l icy  
d e c is io n s .
The r e s u l t s  o f  th e  t e s t i n g  procedure fo r  the  th re e  submodels 
of the execu tive  model i l l u s t r a t e  the p o t e n t ia l  of the execu tive  model 
fo r  c o n t r o l l i n g  the  e v o lu t io n  o f  the ecosystem and optim izing the use 
of the resou rces  in  th e  system.
CHAPTER V
SUMMARY
A balanced ecosystem model t h a t  cons iders  the i n te r a c t io n s  of a 
r e p re s e n ta t iv e  s e l e c t i o n  o f  the major components of an u rb a n - ru ra l  
ecosystem was developed. The ecosystem model was organized to  s im ula te  
the ev o lu t io n  of an u r b a n - ru ra l  ecosystem fo r  periods  of time up to  
25 y e a rs .  The model i s  intended to  be used to  determ ine the consequences 
of a l t e r n a t iv e  management d e c is io n  upon the  u r b a n - ru ra l  ecosystem and i s  
s p e c i f i c a l l y  designed to  be u se fu l  in  s tudying  a v a r i e t y  of r e a l  world 
problems a s so c ia te d  w ith  t h i s  ecosystem.
A f te r  developing the  model a t e s t in g  procedure was performed on 
the model in  order  to p rov ide  a p re l im inary  v a l i d a t i o n .  V a l id a t io n  and 
s e n s i t i v i t y  a n a ly s is  were used to thoroughly t e s t  s e le c te d  segments of 
the model, while  the o th e r  segments were t e s t e d  by dem onstra ting  the 
manner in  which c r i t i c a l  parameters in  these  segments in f lu e n c e  the 
evo lu tion  of the ecosystem. V a l id a t io n  and s e n s i t i v i t y  a n a ly s i s  were 
used to t e s t  the d i f f e r e n t  p a r ts  of the atmospheric submodel. R esults  
showed th a t  t h i s  submodel could be used s u c c e s s fu l ly  to  s im ula te  time 
s e r i e s  of d a i ly  weather ob se rv a t io n  and to  s tudy  some of the  c h a r a c t e r i s ­
t i c s  of the u rb a n - ru ra l  h e a t  i s la n d  phenomena. The o th e r  submodels in  
the ecosystem were t e s t e d  by dem onstrating the responses of the submodels
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to  the  input param eters .  R esu lts  showed th a t  th e  submodels responded 
to  the  input param eters in  a c o n s i s t e n t  manner. The in te r a c t io n s  among 
th e  d i f f e r e n t  components of th e  ecosystem were demonstrated by i l l u s t r a t i n g  
th e  computer ou tpu t fo r  d i f f e r e n t  case s tu d i e s .  A complete v a l id a t io n  
o f  the  t o t a l  system model was n o t  performed because of data  a c q u is i t io n  
problems and the immense amount of da ta  req u ired  to  perform such a 
t e s t i n g  procedure.
In the process of developing the ecosystem model, a v a r i e ty  of 
m odelling  problems developed. Two of these  were determining which 
components should be considered  in  the ecosystem and balancing the 
r e p re s e n ta t io n  of the  ecosystem so th a t  the d i f f e r e n t  systems have 
comparable le v e ls  of com plexity . The d e c is io n  to  use the components 
considered  was based upon th e  apparen t r e p re s e n ta t iv e n e s s  o f  th e  d i f f e r e n t  
components and the  le v e l  o f  complexity d es ired  f o r  the  o v e ra l l  ecosystem. 
Determining which m odelling techniques  should be used to  r e p re sen t  the 
pheonomena observed in  the  ecosystems was a lso  a problem. The r e s u l t s  
o f  t h i s  p ro je c t  demonstrated t h a t  a v a r i e ty  of techniques were needed 
to  re p re s e n t  the  d i f f e r e n t  components in  the  u rb a n - ru ra l  ecosystem.
In  p a r t i c u l a r ,  t h i s  model demonstrated how s to c h a s t i c  processes can be 
used to rep re sen t  s o c ia l  systems and how l in e a r  programming can be used 
to  optim ize resource  management.
The ecosystem model was designed f o r  u t i l i z a t i o n  by u rb a n - ru ra l  
a re a s  and fe d e ra l  agencies  such as HUD, HEW, and EPA. A c i t y  could 
use i t  to  determine the  e f f e c t  of s p e c i f i c  management dec is ions  upon 
the  evo lu t ion  of the  c i t y  and i t s  surrounding a re a .  Federa l agencies 
(HUD, HEW, and EPA) could use th e  model to determine the e f f e c t  of
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t h e i r  p o l ic y  d e c is io n s  upon p a r t i c u l a r  urban a r e a s . For example,
EPA could determ ine the  e f f e c t  o f  e n fo rc ing  a i r  and w a te r  p o l lu t io n  
laws upon the  economy o f  d i f f e r e n t  urban areas in the coun try . This 
i s  a r e le v a n t  problem s in c e  b lanke t  enforcement of a i r  and w ater  
p o l lu t io n  s tan d a rd s  throughout the  coun try  w i l l  cause economic i n ­
e q u i t i e s .  These in e q u i t i e s  a re  a s so c ia te d  with  the  f a c t  th a t  the 
a b i l i t y  of th e  atmosphere to  d i f f u s e  a i r  p o l lu t io n  v a r ie s  s ig n i f i c a n t l y  
from one a rea  to a n o th e r ,  and the  f a c t  t h a t  the  amount o f  water 
a v a i l a b l e  f o r  d i l u t i n g  w ater  p o l lu t io n  va r ie s  s i g n i f i c a n t l y  from one 
l o c a l  to  a n o th e r .
The in f lu e n c e  o f  man upon the  e v o lu t io n  o f  the  u rb a n - r u ra l  ecosystem 
i s  one o f  th e  most im portan t  f a c t s  demonstrated by th is  computer model. 
R esu l ts  of a ten  y ea r  s im u la t io n  of the  ecosystem model (see  Appendix F) 
i l l u s t r a t e d  th e  d ram atic  in f lu e n c e  t h a t  man's d e c is io n s  have upon the  
e v o lu t io n  o f  the  ecosystem. In p a r t i c u l a r ,  the s im u la t io n  demonstrated 
th e  e f f e c t  o f  man upon the  w a te r  flow in  ecosystems and the  dependence 
o f  man upon a v a i l a b i l i t y  of an adequate water supp ly . These r e s u l t s  
and the  p rocess  o f  developing  th e  model have dem onstrated  t h a t  the  
p r e d i c t i v e  va lue  o f  the  r e s u l t s  from t h i s  model is l im ited  by the 
u n c e r t a in ty  about man's a c t io n s  in the  fu tu re  and th a t  r e a l i s t i c  models 
o f  the  b io lo g ic a l  and g eophys ica l  a sp ec ts  of t h e  ecosystem can be 
developed. The development of management models t h a t  use r e a l i s t i c  
geophysica l  and b io lo g ic a l  su b sec t io n s  i s  d e s i r a b le  s in c e  they can be 
used to  s im u la te  the  e f f e c t  of man's poss ib le  a c t io n s  on the  e v o lu t io n  
o f  the  ecosystem. R esu lts  from th i s  type of endeavor should be used 
to  guide mankind in  p lann ing  f u tu r e  a c t i v i t y .  This  i s  necessa ry  s ince
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mankind has the  a b i l i t y  to  s i g n i f i c a n t l y  modify h i s  n a tu r a l  environment. 
I t  i s  p a r t i c u l a r l y  important in  the  l i g h t  of r e c e n t  evidence which 
in d ic a te s  p o t e n t i a l  d i s a s t e r  fo r  man i f  he f a i l s  to  change h i s  p resen t  
l iv in g  s t y l e  w i th in  the nex t 50 years  (F o re s te r ,  1971; Watt, 1971).
I  b e l ie v e  t h a t  the  use o f  management models such a s  th e  one p resen ted  
in  t h i s  paper i s  e s s e n t i a l  in  o rder  fo r  man to  avoid  p o te n t i a l  d i s a s t e r  
a s so c ia te d  with  h is  m od if ica tion  of the  n a tu r a l  environment and h is  
rap id  consumption of n a tu r a l  r e so u rc e s .
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APPENDIX A
APPENDIX A
RESULTS OF THE TESTING SCHEME PERFORMED 
ON THE ATMOSPHERIC MODEL
This s e c t io n  w i l l  p re se n t  the  r e s u l t s  o f  the  procedure used to 
t e s t  the  a tm ospheric model. S e n s i t i v i t y  a n a ly s i s  and the  comparison of 
observed d a ta  w ith  simulated computer r e s u l t s  a re  the  two techniques 
used to  t e s t  the  model. The r e s u l t s  from a 14-year s im u la t io n  of the 
atm ospheric model a re  used to  gene ra te  frequency d i s t r i b u t i o n s  and 
average monthly va lues  o f  the  atmospheric param eters  which a re  compared 
w ith  a p p ro p r ia te  s t a t i s t i c s  c a lc u la te d  from a f iv e  year  time s e r ie s  
(1965-1969) of d a i ly  weather o bse rva t ion  a t  Oklahoma C ity .  A f a i r l y  
•long time s e r i e s  o f  s im ulated  d a ta  a re  used to improve the  p r o b a b i l i ty  
t h a t  s t a t i s t i c a l  a t t r i b u t e s  c a lc u la te d  from the  sim ulated  time se r ie s  
would be r e p r e s e n ta t i v e  of th e  long-term  s t a t i s t i c a l  a t t r i b u t e s  of the 
param eters sim ulated  by the models. A comparison of the  s t a t i s t i c a l  
a t t r i b u t e s  c a lc u la te d  from th e  sim ulated  and observed d a ta  should 
in d ic a te  t h a t  th e r e  i s  l i t t l e  d i f f e re n c e  between them s in ce  the observed 
d a ta  a re  used to  c a lc u la te  the  c l im a ta lo g ic a l  inpu t  d a ta  fo r  the  simula­
t io n  model. The s e n s i t i v i t y  a n a ly s i s  dem onstra tes  the  response of the 
r a d i a t i o n  balance  model, a i r  p o l lu t io n  model and the urban hea t  is land  
wind model to  v a r i a t i o n s  in the  param eters  t h a t  in f lu e n ce  them, A 
complete summary o f  the  c l im a to lo g ic a l  da ta  used in the  model i s  presented
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i n  Tables 5-12. The da ta  presen ted  in  Tables 7-12 a re  determined by 
s t a t i s t i c a l l y  an a ly z in g  the f iv e  year time s e r i e s  o f  d a i ly  obse rva t ions  
a t  Oklahoma C ity  (1965-1969), The da ta  a re  s u b je c t iv e ly  modified in  
cases  where th e re  were i n s u f f i c i e n t  d a ta  to  j u s t i f y  some of the  r e s u l t s  
in d ic a te d  by the s t a t i s t i c a l  a n a ly s i s .  The u t i l i z a t i o n  of su b je c t iv e  
a n a ly s i s  to  de te rm ine  data  presented  in  the  ta b le s  i s  in d ic a te d  by a 
in  the  upper r i g h t  hand corner  of the numbers. The s ig n i f ic a n c e  
o f  the  frequency d i s t r i b u t i o n  presented in the ta b le s  i s  in d ic a te d  by 
th e  number of o b se rv a t io n s  th a t  a re  used to  c a lc u la te  each frequency. 
The s u p e rs c r ip t  in  the upper r ig h t  hand corner of each frequency or 
average value  g iv e s  the  number of obse rva t ions  used to  c a lc u la te  the 
frequency or average v a lu e .  Most of the  numbers p resen ted  in  the 
ta b le s  a re  c a lc u la te d  using a s ig n i f i c a n t  number o f  o bse rva t ions  
(30 or g r e a t e r ) ,  however, some of them a re  c a lc u la te d  using  only one 
o r  two o b s e rv a t io n s .  The d a ta  fo r  the  1000 f t ,  average monthly a i r  
tem pera ture  and r e l a t i v e  humidity (Table 5) are  determined by using 
the  10-year c l im a ta lo g ic a l  mean value fo r  Oklahoma C ity  (Upper Air 
C limatology of th e  US, 1957), while the  average monthly 12-inch s o i l  
tem pera ture  (Table 5) i s  determined by s u b je c t iv e ly  modifying the 
average 12-inch s o i l  tem peratures observed in  North Dakota. The 
average hourly  s u r f a c e  and 1000 f t .  wind speed are  p resen ted  as a 
fu n c t io n  of the average  d a i l y  wind speed in  Table 6. Table 6 i s  
determined by comparing one year  June 1966-May 1967) of the N ationa l 
Severe Storms L a b o ra to ry 's  hourly  tower d a ta  (Crawford, 1970) with  
the d a i ly  average wind speed observed a t  Oklahoma C i ty ,  The numbers 
in  the f a r  r i g h t  hand column are the number of obse rv a t io n s  t h a t  are
TABLE 5
AVERAGE MONTHLY VALUES OF THE 1 2 - INCH SOIL TEMPERATURE
AND
THE 1000 FT. AIR TEMPERATURE AND RELATIVE HUMIDITY
PARAMETERS M M N D
1000 f t  A i r  T e m p e r a tu r e  ( ‘"O  4 . 5  5 .6  7 . 8  1 3 .4  1 7 .3  2 2 .7  2 4 .5  2 5 .0  2 1 .0  1 6 .4  8 .8  5 .8
1000 ft Relative Humidity (7.) 55 53 54 55 64 61 59 54 51 51 50 48
12-inch Soil Temperature (°F) 29 34 42 50 58 68 71 74 69 56 44 34
4>ON
Average monthly 1000 ft air temperature observed at Oklahoma City (Upper Air Climatology of the US, 1957). 
^Average monthly 1000 ft relative humidity observed at Oklahoma City (Upper Air Climatology of the US, 1957).
Average monthly 12-inch soil temperature estimated from Whitman's (1969) soil temperature data.
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TABLE 6
AVERAGE HOURLY SURFACE AND 1000 FT WIND SPEEDS (KT) AS A FUNCTION OF AVERAGE 
DAILY WIND SPEED AND THE TIME OF DAY^  (LST)
Average
D aily
Wind TIME(Local Standard Time)
Speed 00 1 2 3 4 5 6 7 8 9 10 n 12
1000 f t  average 0-5 12 12 12 11 9 9 10 10 9 9 9 7 6
wind speed fo r 5 .1-10 15 15 14 15 14 15 15 15 15 15 14 12 10
N ov.,D ec., J a n . , 10.1-15 26 27 26 27 28 28 28 28 27 26 26 23 21
and Feb. 15.1-20 31 32 32 32 32 31 30 30 28 26 22 19 19
20 35 35 34 33 33 34 35 36 34 33 32 30 29
1000 f t  average 0-5 12 13 14 13 11 10 10 11 11 9 8 5 7
wind speed fo r 5 .1 -10 21 21 20 20 20 19 20 19 18 12 11 10 10
Mar.,Apr.,May, 10.1-15 26 27 27 27 26 25 25 24 23 18 18 15 15
and June 15.1-20 35 35 33 31 30 31 32 33 31 28 25 23 23
20 47 44 44 40 45 27 30 36 39 37 35 32 35
1000 f t  average 0-5 11 11 10 9 8 9 8 8 7 7 13 5 5
wind speed fo r 5 .1 -10 18 18 18 18 18 18 17 16 15 12 10 9 10
J u ly ,A u g . ,S e p t . .,10 .1-15 29 29 29 29 27 27 26 24 21 19 16 15 15
and October 15.1-20 34 32 34 32 33 32 29 27 26 24 18 18 18
20 41 35 35 41 38 38 41 38 36 30 25 25 30
Average su rface 0-5 3 3 3 3 3 2 2 2 2 3 4 5 5
wind speed fo r 5 .1 -10 5 5 4 4 4 4 5 4 7 6 7 7 9
N o v . ,D e c . , J a n . , 10.1-15 9 9 9 9 9 9 10 11 10 12 13 13 13
and Feb. 15 .1-20 11 12 13 13 14 13 13 12 13 14 18 18 15
20 18 17 17 16 18 18 19 18 17 19 20 19 19
Average su rfa c e 0-5 2 1 1 1 1 3 2 1 3 3 4 3 4
wind speed fo r 5 .1 -10 4 3 3 3 3 3 3 4 5 5 9 6 6
Mar.,Apr.,May, 10.1-15 7 7 7 7 7 7 7 7 9 9 9 10 10
and June 15.1-20 16 15 15 15 15 15 16 17 15 15 22 15 14
20 20 18 17 17 17 14 15 14 20 17 17 21 18
Average su rfa c e 0-5 3 3 2 3 2 2 3 4 4 4 4 3 4
wind speed fo r 5 .1 -10 5 4 5 5 4 4 5 5 6 6 7 6 7
Ju ly ,A u g . , S e p t . , 10 .1-15 8 8 8 8 7 7 8 8 10 11 12 12 12
and October 10.1-20 12 12 11 12 11 11 11 12 13 14 11 13 12
20 14 10 10 17 16 17 20 16 18 19 17 19 21
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TABLE 6 continued
Average No. o f
TIME (Local Standard Time) Observa-
Wind '  t io n s
Speed 13 14 15 16 U 18 i i 12 n 22 Used
1000 f t  average 0-5 5 6 6 7 7 8 9 10 12 13 13 7
wind speed fo r 5 .1-10 11 13 13 14 11 12 14 15 16 18 18 48
N ov.,D ec., J a n , , 10.1-15 22 19 21 20 20 22 24 26 27 28 27 37
and Feb. 15.1-20 23 23 23 24 24 24 24 24 25 25 25 24
20 29 32 42 44 28 31 30 32 21 30 28 5
1000 f t  average 0-5 7 7 6 7 8 9 12 13 14 16 18 2
wind speed fo r 5 .1-10 13 12 14 11 10 11 12 14 16 18 19 35
Mar.,Apr.,May, 10.1-15 16 16 17 16 17 19 20 22 25 27 27 61
and June 15.1-20 24 23 24 27 25 26 27 29 31 32 32 24
20 31 29 33 29 30 32 34 36 41 39 38 1
1000 f t  average 0-5 5 5 6 6 7 7 7 9 9 11 12 9
wind speed fo r 5 .1-10 10 12 11 11 13 13 14 16 17 18 19 79
Ju ly ,A u g . ,S e p t . . ,10.1-15 15 16 16 16 17 18 19 21 23 24 24 29
and October 15.1-20 19 17 23 22 24 21 29 32 33 32 32 3
20 36 37 36 33 37 38 41 40 39 44 29 1
Average su rface 0-5 4 5 4 5 3 2 2 2 3. 4 4 7
wind speed fo r 5 .1-10 9 7 7 9 6 5 5 4 4 5 5 48
Nov.,D e c . , J a n . , 10.1-15 14 13 13 13 11 9 9 9 10 11 10 37
and Feb. 15.1-20 16 16 15 15 14 12 10 10 10 9 9 24
20 21 21 20 19 16 15 12 11 11 12 12 5
Average su rface 0-5 4 4 4 4 4 4 3 2 2 3 2 2
wind speed fo r 5 .1-10 6 6 9 6 5 5 3 3 3 3 3 35
Mar.,Apr.,May, 10.1-15 11 10 10 10 9 8 7 8 7 7 7 61
and June 15.1-20 16 19 18 18 14 16 14 14 14 14 15 24
20 22 21 21 19 18 17 15 18 17 16 15 1
Average su rface 0-5 4 4 4 4 4 3 3 2 2 3 3 9
wind speed fo r 5 .1-10 8 10 8 9 7 6 5 5 5 5 5 79
Ju ly ,A u g . , Sept. ,10.1-15 12 11 12 11 11 9 8 7 7 6 7 29
and October 15.1-20 14 11 16 14 12 9 10 9 11 11 10 39
20 24 27 19 20 23 24 22 22 23 26 16 1
The average hourly  wind speeds a re  determined by comparing one year 
(June 1966 -  May 1967) o f  NSSL's hourly  tower data  (Crawford, 1970) 
with the  d a i ly  average wind speeds observed a t  Oklahoma C ity .
TABLE 7
FREQUENCY DISTRIBUTIONS FOR THE DAILY AVERAGE WIND SPEED^ AS A FUNCTION OF
OBSERVED TVJENTY-FOUR HOUR AVERAGE WIND DIRECTION
Average 
Daily Wind WIND SPEED (MPH)
Direction 0 - 5 5.1-10 10.1-15 15.1-20 >  2 0
345-75 .051^° .358^° .410®° .164*2
3
.051^
76-155 .119^° .571^8 .285^4 .0 1 2 ^ .0 1 2 ^
Nov. - Feb. 156-205 .043^ .289*° .478^9 .174** .014*
206-275 .106^ .409^7 .303^° .1369 .045*
276-345 .054^ .309®^ .400^^ .2 0 ^ 2 .036*
345-75 .016^ .273*° .497"' .180** .032*
76-155 .048* .362^* .467*® .II2 I* .008^
Mar. - June 156-205 .024* .142** .474I2O .335®* .024*
206-275 .05^ .250^* .516*1 .15o 9 .0332
276-345 .056^ .321^7 .339I® .150® .132^
345-75 .051* .431*° .431*° .068® .0172
76-155 .1 1 2 ^® .544®° .285*2 .040* .007^^
July - Oct. 156-205 .0 2 2 * .333^° .5511*9 .08824 .003^
206-275 .058^ .4 4I* .4 4I* .029^ .029^
276-345 .145^ .312^* .375I® .125* .04i 2
10
The frequency distributions are calculated by using five years
The number in the upper right hand corner of each frequency is 
frequency.
of daily weather observations at Oklahoma C i t y  (1965-19  
the number of observations used to calculate the
T h e  s y m b o l  m e a n s  t h a t  t h e  i n d i c a t e d  f r e q u e n c y  o f  w i n d  s p e e d  i s  e s t i m a t e d  s u b j e c t i v e l y .
TABLE 8
WIND DIRECTION TRANSITION MATRIX FOR THE AVERAGE DAILY WIND DIRECTION AS A FUNCTION OF TIME OF YEAR^
Average Wind Direction at time t + 24 Hours
Daily Wind 
Direction
At Time = t 345 -75 76 -155 156-205 206-275 276-345
345 -75 .3 7 0 ^ ^ .1 7 0 " " . 250" ° .0 6 6 ^ " .1 28^ 5
76-155 .2 7 7 ^ ^ .2 5 3 ^ 1 .2 8 9 .0 4 8 4 . I 44 I "
Nov. - Feb. 156-205 .2 4 1 ^ ° . 053^1 .429»* .1 2 5 ^ 6 .1 40^ 9
206 -275 .3 0 3 ^ °
4
.0 6 0 .3 1 8 ^ 1 .1 0 6 / .212^4
276 -345 .2 5 4 ^ 8 .1 0 9 ^ ^ .2 0 9 ^ " . I 45 IG . 272" °
345 -75 .4 5 3 » " .224"^^ .1 5 8 ^ 9 . 0 7 l l " .0 9 8 ^ »
7 6 -1 5 5 .1 7 8 ^ ^ . 292"* . 455"» . 024" .048»
kL
C
Mar, - June 156 -205 .173'^'^ .0 98^ 5 .5 7 7 4 » .0 9 8 ^ 5 .036*
206 -2 7 5 .3 6 6 ^ 2 .2 1 6 ^ 3 . I 83I I .1 1 6 ? .1 1 3 »
276 -345 . 226^2 .1 5 0 » . 207^1 .2 2 6 ^ ^ .2 2 6 ^ ^
34 5 -7 5 .3 7 0 ^ " . 293"^ .181^1 . 043" .0 8 ^ °
7 6 -155 .0 8 9 ^ " .5 0 0 ^ 3 . 342" ° .0 4 1 ^ .0274
July - Oct. 156-205 .149"^° .118"% .646^^4 .0 4 8 ^ " .0 5 6 ^ "
206 -275 .2 9 4 ^ ° .0 8 8 " .3 5 2 ^ ^ .0 5 8 ^ .176»
276 -345 .2 0 8 ^ ° .0 8 3 ^ .2 5 0 ^ ^ .1 6 6 » .2 7 0 ^ "
^The wind direction transition probabilities are calculated by using a five year time series of daily weather
observât ions at Oklahoma City ( 1 9 6 5 - 1 9 6 9 ) .
74The numbers in the upper right hand corner of each probability is the number of observations used to
calculate the probability.
TABLE 9
FREQUENCY DISTRIBUTIONS OF THE AVERAGE DAILY RELATIVE HUMIDITY^ AS A FUNCTION OF 





0 - 2 0 21-40 51-60 61-80 81-100
6 64 , 7 3 52345-75 .005" .030 .326 .374 .265
76-155 .0 1 1 ^ .0 1 1 * .321^7 .356®° .297®®
N o v .  -  Feb. 156-205 .004^ .076^* .394®^ .346®® .178®®
206-275 .014^^ .119® .447®° .298®° .119®
275-345 .009^ .054® .441^9 .387^® .108!®
345-75 .005^ .043® .315®® .456®4 .179®®
76-155 .008^ .008* .282®® .556*9 .1 4 5 !®
Mar. - June 156-205 .004^ .039^° .381®^ ,5 2 3 !®® .05l!®
206-275 .016^ ,147^ .508®^ .2 9 5 !® .032®
276-345 .009^ .481^ .481®® .240®® .092®
345-75 .008^ .025® .427®° .470®® .008®
76-155 .0 1 1 ^ .0 1 1 * .445°® .475®° .1 1 9 !°
July - Oct. 136-205 .004* .0 4 4 I2 .551^49 .3 7 !°° .03®
206-276 .027* .027* .675®® .243° .027*
276-345 .0 2 0 * .061® .428®! .428®! .016®
^The frequency distributions of relative humidity are calculated by using a five-year time series of daily
weather observations at Oklahoma City (1965-1969).
^The number in the upper right hand corner of each frequency is the 
the frequency.
number of observations used to calculate
T h e  s y m b o l  m e a n s  t h a t  t h e  i n d i c a t e d  f r e q u e n c y  o f  r e l a t i v e  h u m i d i t y  i s  e s t i m a t e d  s u b j e c t i v e l y .
TABLE 10
THE FREQUENCY DISTRIBUTIONS OF DAILY AVERAGE CLOUD COVER^


























. 1 4 l : '0
.010^
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,500^
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.9 2 8 3 1
0 -2 0 .6 2 5 ^ 0 .1875^ .063* ,063* .063*
Wind 2 1 -4 0 .5 2 6 ^ ° .1054 .131^ .1054 .131^
Direction 4 1 -6 0 .4 2 6 ^ '" ' ' .1 9 5 * 4 .12541 ,1 0 3 ^ 4 .14949(1 5 6 -2 0 5 )
61-80 .1 3 7 ^ 2 .15447 . 1 5 q46 ,219*7 . 3371^3
81-100 .0 1 6 ^ .016^*^ ,0 3 2 ^ .133* . 8 0 q4*
Table 10 continued
0-20 21-40 41-60 61-80 81-100
0-20 .625^°
3
.187 .063^^ .063* .063*
Wind 21-40 .473* .210^ .157^ .105^ .011*
Direction 41-60 .465^° .128^1 .162^^ .069^ .174^5
(206-275) ,13 9 10 6 961-80 .276^ .191 .212 .126 .191
81-100 .090^ .090^ .180^ .272^ .363*
0-20 .625^() .187^ .063^ .063* .063*
Wind 21-40 .611^^ .11^ .11* .1]/' .055*
Direction 41-60 .625^° .156^5 .062^ .104^0 .052^(276-345) 17 , ] 1 17 ,, 13 1761-80 .220 ' .142-^^ .202-^' .168 ^ . 2 0 2 ^'
81-100 .  245^ ^ .  045^ .045* .090^ .7 7 3 I7
The frequency distributions of cloud cover are calculated by using a five-year time series of daily 
weather observations at Oklahoma City (1965-1969).,
10,The number in the upper right hand corner of each frequency is the number of observations used to 
calculate the frequency.
The symbol means that the indicated frequency of cloud cover are estimated subjectively.
TABLE 11
THE PROBABILITY FOR RAINFALL^ AS A FUNCTION OF THE OCCURRENCE OR 
NON-OCCURRENCE OF RAINFALL ON THE PREVIOUS DAY, THE OBSERVED AVERAGE 




Humidity Nov, Dec, Jan, Feb Mar, Apr, May, Jun Jul, Aug , Sep, Oct
7o No-Rain Rain No-Rain Rain No-Rain Rain
0-20 .oor'^ .002^ .001^ .002^ '^ .001^^ .002^
21-40 .028^ .038^ .009^ .018^ .056^ .078^
41-60 .025^
2
.133 .048’° .162* .071''° .167^
61-80 .130^5
9
.196* .291°^ .381^^ .297^9 .378^'^





is calculated by using a five -year time series of daily weather observations
^The number in the upper right hand corner of the rainfall 
used to calculate the probability.
probabilities is the number of observations
^^The sumbol means that the rainfall probability is estimated subjectively.




AVERAGE DAILY RAINFALL^ 
DAILY WIND DIRECTION
0-20
(INCHES) FOR RAINDAYS AS FUNCTIONS OF AVERAGE 
AND RELATIVE HUMIDITY AND THE TIME OF YEAR
Average Daily Relative Humidity (7.) 
21-40 41-60 61-80 81-100
345-75 .01# .01# .02^ .27# .181*
76-155 .01# .01# .24# .25# .2 7 9 II
Nov. - Feb. 156-205 .01# .07 .09^ .09^3 .242^*
206-275 .01# .01# .01# .05^ .250®
276-345 .01# .01# .02# .244^ .170 lS
345-75 .01# .01# ,12# .38^ .482:^"
76-155 .01# .01 ,216# .350^ .765^
Mar. - June 156-205 .01# ,05# .32^ .33^ .664^®
206-276 .01# .01# .075% .25? . 350I 5
276-345 .01# .01# .075^ .25^ .350*
345-75 .01# .01# .12# .40^ . 45I 5
76-155 .01# .01# .228# .48^ .620^1
July - Oct. 156-205 .01# .08# . 104# .301^2 .620*®
206-276 .01 .01# .090# .17# .190®
276-345 ,01# .01# .075# .50^ .600^
The average daily rainfall for raindays is calculated by using a five-year time series of daily weather 
observations at Oklahoma City (1965-1969).
^The number in the upper right hand corner of each of the average daily rainfall amounts is the number of 
observations used to calculate the value.
^^'ïho s y m b o l  i n d i c a t e s  t h a t  t h e  a v e r a g e  d a i l y  r a i n f a l l  a m o u n t ;  i s  e s t i m a t e d  s u b j e c t i v e l y .
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used in  c a lc u la t in g  th e  average wind speed va lues  presented  in  each 
of the  rows of the  t a b l e .  The a i r  p o l lu t i o n  f i e l d  fo r  the 14-year
3
s im u la t ion  is  s e t  equal t o  8 p,g/m , however, the occurance or non- 
occurance of  r a i n f a l l  i s  s imulated w i th  the assumption tha t  high a i r
3
p o l l u t i o n  ( g re a t e r  than 40 jj,g/m ) va lu es  e x i s t  in  ecosystem.
The comparison of  the  observed and s imulated wind d i r e c t i o n  
frequency d i s t r i b u t i o n  (F igure 2 3 ) i s  s a t i s f a c t o r y .  Both the s imulated 
and observed frequency d i s t r i b u t i o n s  show t h a t  wind d i r e c t i o n s  from 
120 to  200 are  the  most probab le .  The observed and simulated average 
wind speed as a func t ion  of  wind d i r e c t i o n  i s  shown in Figure 24. The 
r e s u l t s  show a favorab le  comparison; however, observed average wind 
speeds a r e  g ene ra l ly  lower than the s imulated average wind speeds.
This i s  because the frequency d i s t r i b u t i o n s  used to  p red ic t  the wind 
speed in  the model a re  modif ied to t ake  i n to  account the f ac t  tha t  the 
wind speed for  the f i v e  ye a r s  of  observed d a ta  used as input  da ta  fo r  
the model i s  below the  long term average f o r  wind speed a t  Oklahoma Ci ty .  
Some of  these important  f e a t u r e s  i n d ic a te d  by F igu re  24 are  t h a t  
average wind speed i s  g r e a t e s t  in  the  sp r in g  months (Apri l ,  May, and 
June) ,  lowest  dur ing the  f a l l  (October,  November and December) months 
and t h a t  the average wind speed i s  g r e a t e s t  fo r  wind d i r e c t i o n s  from 
south (140-200) and nor th  (300-370).
The comparisons of  the  observed and s imulated frequency d i s t r i ­
bu t ions  of  cloud cover  and r e l a t i v e  humidi ty  a re  shown in Figures  25 
and 26, I n spe c t ions  of  the  cloud cover f requency d i s t r i b u t i o n  show t h a t  
the observed and s imulated frequency d i s t r i b u t i o n s  compare favorably .
The " s tu d e n t  t"  t e s t  (Panofsky, 1955) i s  used to determine i f  the
OBSERVED DATA 
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WIND DIRECTION
Fig.  23» Frequency d i s t r i b u t i o n  of wind d i r e c t i o n  for  January, 
February,  and March 6a); A p r i l ,  May and June ( b ) ;
Ju ly ,  August, and September ( c ) ; October, November, and 
December ( d ) ; and the annual frequency d i s t r i b u t i o n  (e) 
are  p resen ted  in t h i s  f ig u re .  The average number of 
o b se rv a t io n s  used to c a lc u la te  the p r o b a b i l i ty  for 
the 18 wind d i r e c t i o n  c la s s  i n te r v a l s  in  ( a ) ,  ( b ) , (c), 
and (d) i s  equal to 25 fo r  the observed da ta  and 73 for 
the sim ulated  da ta .  S im i la r ly ,  in graph ( e ) , the average 
number o f  o b se rv a t io n s  fo r  the observed da ta  is  100 and 
280 for s im ulated  d a ta .
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Fig. 24, The average wind speed as a funct ion of wind d i r e c t i o n  for  
January ,  February,  and March (a) ;  Apr i l ,  May, and June ( b ) ; 
J u ly ,  August, and September (c) ;  October, November, and 
December (d):  and January through December (e) are  presented 
in t h i s  f ' g u r e .  The average number of obse rva t ions  used to 
c a l c u l a t e  the average wind speed for  the 18 wind d i r e c t i o n  
c l a s s  i n t e r v a l s  in ( a ) ,  ( b ) . ( c ) , and (d) i s  equal to 25 for  
the observed da ta  and 70 f o r  the s imulated da ta .  S imi la r ly ,  
in graoh (e) ,  the average number of obse rva t io ns  for  the 
observed data i s 100 and 280 for  the s imulated da ta .
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Fig.  25. Frequency d i s t r i b u t i o n s  o f  cloud cover fo r  J a n . ,  Feb . ,  
and Mar. (a) ;  Apr., May, and June (b) July,  Aug., and 
Sep. ( c ) ; Oc t . ,  Nov., and Dec. ( d ) ; and the annual  f r e ­
quency d i s t r i b u t i o n  (e) a re  presented in t h i s  f ig u r e .
The average number of observa t ions  used to c a lc u la t e  
the probab’-1 i t i e s  in the 10 c la s s  i n t e r v a l s  of  cloud cover 
in ( a ) ,  ( b ) , (c), and (d) is  45 for  the observed da ta  and 
126 fo r  the simulated da ta .  In graph (e) the average 
number i s  180 for the observed data  and 504 f o r  the 
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Fig. 26. Frequency d i s t r i b u t i o n s  o f  r e l a t i v e  humidity fo r  January, 
February , and March ( a ) ;  A p r i l ,  May and June ( b ) ; Ju ly ,  
August, and September ( c ) ; October, November, and December
( d ) ; and the annual frequency d i s t r i b u t io n  (e) are  i l l u s ­
t r a t e d  in t h i s  f ig u re .  The average number of obse rva t ions  
used to c a lc u la te  the p r o b a b i l i t i e s  in the 10 c la s s  in te rv a ls  
o f  r e l a t i v e  humidity in  (a ) ,  ( b ) , ( c ) , and (d) i s  45 for
the observed da ta  and 126 for the simulated d a ta .  In graph
(e) the average number is  180 fo r  the observed d a ta  and 
504 fo r  the simulated d a ta .
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d i f f e r e n c e  between the observed and sim ulated  p r o b a b i l i t i e s  fo r  the 
cloud cover c la s s  i n te r v a l s  a re  s i g n i f i c a n t .  The combined r e s u l t s  
form graphs ( a ) , ( b ) , ( c ) , ( d ) , and (e) in  F igure  25 show th a t  the re  
i s  a s ig n i f i c a n t  d i f f e re n c e  (values  a re  o u ts id e  the 95% confidence 
l im i t s )  between the  observed and s im ulated  p r o b a b i l i t i e s  for the 
cloud cover c la s s  i n te r v a l s  in  10 of the  50 d i f f e r e n t  comparisons tha t  
a re  t e s t e d .  The observed d isc repancy  i s  most l i k e ly  a t t r i b u t e d  to  the 
f a c t  t h a t  a la rg e  number of the p r o b a b i l i t i e s  in  the  frequency d i s t r i ­
b u t ion  used as input d a ta  fo r  the  s im u la t io n  model a re  s u b je c t iv e ly  
es tim a ted  because of i n s u f f i c i e n t  d a ta  (see  Table 11). Both the observed 
and sim ulated  frequency d i s t r i b u t i o n s  in d ic a te  th a t  the  w in te r ,  f a l l  
and sp r in g  months have h igher  p r o b a b i l i t i e s  fo r  cloud cover g r e a te r  
than 70%. The observed and sim ulated  frequency d i s t r i b u t i o n s  fo r  
r e l a t i v e  humidity (F igure 26 compared very fav o rab ly .  They both 
showed th a t  the  w in te r  and sp r in g  months have h igher  r e l a t i v e  humidity 
than the  summer and f a l l  months, w h ile  the  r e l a t i v e  hum idity  from 
45 to 75% have the  h ig h e s t  p r o b a b i l i t y  of occurrence .
The r a i n f a l l  model i s  t e s t e d  by cons ide r ing  the s p a t i a l  d i s t r i ­
bu t ion  of  r a i n f a l l  in the ecosystem and by comparing s t a t i s t i c a l  
a t t r i b u t e s  of the  r a i n f a l l  a t  a p a r t i c u l a r  po in t  in the  ecosystem 
( t h i s  po in t  r e p r e s e n t s  the  r a i n f a l l  a t  Oklahoma City) w i th  the s t a t i s t i c a l  
a t t r i b u t e s  de r ived from observed da ta  a t  Oklahoma C i ty .  The model is  
s e t  up to  s imulate  r a i n f a l l  in  the ecosystem such t h a t  the annual 
average r a i n f a l l  amounts w i l l  i n c r e a s e  from the northwest  to the south­
e a s t  ac ro s s  the ecosystem. Two techniques  a re  used to  s imulate  the 
r a i n f a l l  d i s t r i b u t i o n  in the ecosystem. The f r o n t a l  r a i n  mechanism
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d i s t r i b u t e s  r a i n f a l l  across  the  ecosystem u s ing  a poisson d i s t r ib u t io n  
w h ile ,  the convective shower mechanism d i s t r i b u t e s  r a i n f a l l  across the 
ecosystem by u s ing  randomly placed " u n i t  a re a  s torm s."  A ty p ic a l  type 
o f  p a t t e r n  fo r  both  of these types of r a i n f a l l  i s  presented in Figure 27. 
The s p a t i a l  d i s t r i b u t io n  of r a i n f a l l  i s  demonstrated in  F igure 28 which 
shows the  average monthly values  f o r  th re e  p o in ts  in  the ecosystem 
( s o u th e a s t ,  c e n t r a l  and n o r thw es t) .  The r e s u l t s  show th a t  average 
monthly r a i n f a l l  i s  l e a s t  in  the  northw est and g r e a te s t  in the  so u th e a s t .  
The only d isc repancy  in t h i s  f ig u re  i s  th a t  during  the  months of July 
and August, the r a i n f a l l  i s  lower a t  the  p o in t  in the  c e n t r a l  sec tion  
than  i t  i s  in  the  northw est. This d isc rep an cy  i s  a t t r i b u t e d  to  the f a c t  
t h a t  during  the  months of Ju ly  and August r a i n f a l l  occurs as convective 
shower a c t i v i t y  which has the p roper ty  such th a t  the r a i n f a l l  for the 
whole ecosystem w i l l  be d i s t r ib u t e d  over l e s s  than 20% of the area.
The convective  shower s im ula tion  mechanism causes the  monthly r a i n f a l l  
observed a t  any po in t  in the  ecosystem to  be su b je c t  to la rge  v a r i a t i o n s .  
These la rg e  v a r i a t i o n s  are a l i k e ly  cause fo r  the discrepancy observed 
between the mean r a i n f a l l  amounts observed a t  the c e n t r a l  and no r th ­
w est p o in t .  The fa c t  th a t  the p r o b a b i l i ty  f o r  a convective shower to 
be loca ted  in  the  c e n tra l  se c t io n  i s  20% g r e a t e r  than the p ro b a b i l i ty  
in  the  northw est make i t  l i k e ly  th a t  a longer  time s im ulation  of the 
model would show th a t  the average monthly r a i n f a l l  during  Ju ly  and 
August i s  g r e a te r  in the c e n t r a l  s e c t io n  than  the northw est .
The r a i n f a l l  a t  the c e n t r a l  p o in t  in  the  ecosystem is  used to 
compare the monthly average r a i n f a l l ,  frequency d i s t r i b u t i o n  of r a i n f a l l  
amounts, and the average monthly number o f  r a in  days with the ap p ro p r ia te
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F ig . 27 Typical r a i n f a l l  p a t t e r n s  fo r  f ro n ta l  (a) and convective 
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F ig .  28, The average monthly r a i n f a l l  fo r  th ree  po in ts  in  the 
ecosystem a re  i l l u s t r a t e d .  The d a ta  is  c a lc u la te d  
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F ig . 29. The simulated and observed monthly average r a i n f a l l  i s
i l l u s t r a t e d  in  th is  f ig u r e .  The sim ulated da ta  a re  c a lc u la te d  
from the 14-year computer s im ulation , while the observed 
d a ta  i s  determined from the 5-year time s e r ie s  o f  d a i ly  
observa tions  a t  Oklahoma City (1965-1969).
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s t a t i s t i c s  genera ted  from d a i ly  observa tions  a t  Oklahoma C i ty .  F igure  29 
shows a  comparison of the  observed and sim ulated  average monthly 
r a i n f a l l .  The observed and simulated average r a i n f a l l  amounts compare 
fav o ra b ly ,  however, during  the months of August and September, the 
observed average monthly r a i n f a l l  i s  much g r e a te r  than  the sim ulated 
average  va lue .  The " s tu d e n t 's  t  t e s t "  was run to  de term ine  s ig n i f ic a n c e  
o f  the d e v ia t io n  between the observed and simulated average monthly 
r a i n f a l l  amounts. The r e s u l t s  showed th a t  th e re  i s  no s ig n i f ic a n t  
d i f f e r e n c e  a t  the  95% confidence l e v e l .  However, the  r e s u l t s  did 
show t h a t  the  d i f f e r e n c e  between the observed and s im ula ted  average 
monthly means f o r  August and September i s  s ig n i f i c a n t  a t  the  90% 
confidence  l e v e l .  This observed d iscrepancy  i s  p a r t i a l l y  a t t r i b u t e d  
to  the  f a c t  t h a t  the average monthly r a i n f a l l  fo r  September and August 
t h a t  i s  c a lc u la te d  from the observed data i s  .75 inches g r e a te r  than 
the  long term average monthly r a i n f a l l  amounts fo r  Oklahoma C i ty .  I t  
i s  im portan t to  no te  t h a t  the model i s  no t ab le  to  p r e d i c t  a sharp peak 
in  the r a i n f a l l  fo r  a g iven month because of the  f a c t  t h a t  the  c lim a te -  
lo g ic a l  input d a ta  i s  p re se n t ly  summarized over four month pe r io d s .
The d a t a  would have to  be summarized over monthly time pe r iods  in  
orde r  t o  s imulate  large  month to  month v a r i a t i o n s  in  r a i n f a l l .  The 
spr ing  peak in r a i n f a l l  (March, A p r i l ,  May and June) ,  the September 
peak in  r a i n f a l l  and the low r a i n f a l l  observed during  the  w in te r  
(December, January ,  and February)  a re  f e a t u r e s  i n d i c a t e d  f o r  both the 
observed and s imulated average amounts.
F igu re  30 p re se n ts  the  r a i n f a l l  amount cumulative frequency d i s t r i ­
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Fig .  30. The s imulated and observed cumulative frequency d i s t r i b u t i o n s  
of r a i n f a l l  amounts for O c t . ,  Nov., and Dec. ( a ) ;  J a n . ,  F e b . ,  
and Mar. ( b ) ; Apr. ,  May, and June ( c ) ; and Ju ly ,  Aug., and Sep. 
(d) a re  presented in t h i s  f i g u r e .  The s imulated cumulative 
frequency d i s t r i b u t i o n s  are  ca lcu la ted  from a 14-year  time sim­
u l a t i o n ,  while  the observed va lues  are determined from a 5-year  
t ime s e r i e s  of d a i l y  weather observa t ions  a t  Oklahoma Ci ty  (1965- 
1969).
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the frequency d i s t r i b u t i o n s  fo r  the f a l l  (October, November and December), 
w in te r  (January,  February and March) and spr ing (A pr i l ,  May and June) 
months showed t h a t  the  frequency of the large  r a i n f a l l  amounts increased  
from a minimum in the f a l l  months to  a maximum in  the spr ing  months.
One d iscrepancy  in  comparing these  frequency d i s t r i b u t i o n s  i s  t h a t  the 
s im ulated  d i s t r i b u t i o n s  have s ig n i f i c a n t ly  lower p r o b a b i l i t i e s  fo r  the 
h ig h e r  r a i n f a l l  amounts. This in d ic a te s  th a t  the  technique used to  
determ ine r a i n f a l l  amounts fo r  f r o n t a l  r a i n f a l l  a c t i v i t y  should be 
modified so t h a t  l a r g e r  r a i n f a l l  amounts have a h igher  p r o b a b i l i ty  
o f  o c c u rr in g .  The comparison of the observed and sim ulated  frequency 
d i s t r i b u t i o n s  fo r  the  summer months (Ju ly ,  August and September) 
in d ic a te  the p r o b a b i l i t y  f o r  r a i n f a l l  g re a te r  than .8 inches compare 
favorab ly ;  however, the  genera ted  p ro b a b i l i ty  fo r  r a i n f a l l  g r e a te r  than 
.3  and .5 inches  i s  cons iderab ly  g r e a te r  than the p r o b a b i l i t i e s  
in d ic a te d  by the  observed d a ta .  These r e s u l t s  in d ic a te  t h a t  convective 
r a i n f a l l  mechanism used to  s im ulate  r a i n f a l l  during t h i s  time pe riod  
i s  o v e r -p re d ic t in g  r a i n f a l l  events in  the .3 to  .8 inch ca tego ry . A 
p o s s ib le  s o lu t io n  to  t h i s  problem i s  to  modify the r a i n f a l l  mechanism 
so th a t  the r a i n f a l l  amounts decrease more ra p id ly  moving away from the 
c e n te r  of the  convective  storm s.
Figure 31 i l l u s t r a t e s  a comparison of the observed and s imulated 
average monthly number of r a i n  days. The observed average number of  
f a in  days i s  c a l c u la t e d  us ing  the f iv e  year  time s e r i e s  of obse rva t ion  
a t  Oklahoma Ci ty  (1965-1969), while the  s imulated average number of 
r a i n  days i s  c a l c u l a t e d  from the 14 year  s e r i e s  of s imulated atmospheric 
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F ig .  31. The s imulated and observed monthly average number of r a i n  days
are  shown in t h i s  f i g u r e .  The s imulated data a re  ca lcu la ted  fror  
the 14-year run of the ecosystem model, while the observed data  
are  c a l c u la t e d  from a 5-year  time s e r i e s  of d a i ly  weather  obser ­
v a t i o n s  a t  Oklahoma City (1965-1969).
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peak i n  the maximum number of  r a i n  days as indicated by the  observed 
d a ta  and a l so  t h a t  the  average number of  r a i n  days for  the months of 
J u ly  and August i s  much lower in  comparison wi th  the observed da ta .
The s im ula tion  model i s  no t capable of p re d ic t in g  monthly v a r ia t io n s  
in  the observed number of r a in  days s ince  i t  combines the d a ta  fo r  a 
fou r  month period  to  determ ine  the  s t a t i s t i c a l  c o n tro l l in g  r e l a t i o n s h ip s .  
The s ig n i f i c a n t ly  lower number o f  r a in  days fo r  the sim ulated da ta  
during the months Ju ly  and August can be a t t r i b u t e d  to  the f a c t  th a t  
th e  convective shower mechanism i s  used to  d i s t r ib u t e  r a i n f a l l  during
t h i s  period o f  time. The model p re d ic ts  the co rre c t  number o f  r a in
days fo r  r a i n f a l l  o c cu rr in g  an^-where in the ecosystem; however, s ince  
only 20% of th e  t o t a l  a re a  rece ived  r a i n f a l l  using  th is  mechanism, 
then  the  average number of r a in  days a t  any given point in  the  ecosystem
w i l l  be le s s  than  the average number of r a i n  days ind ica ted  by the
observed d a ta .  This f a c t  means th a t  the convective shower mechanism 
w i l l  have to  be modified so t h a t  a l a rg e r  percentage o f  the  ecosystem 
w i l l  rece ive  r a i n f a l l .  The r e s u l t s  from F igure  31 show th a t  both the 
observed and sim ulated  d a ta  had the  peak average monthly number of 
r a i n  days occurr ing  during  the sp ring  (March, A p r i l  and May) w hile  the 
minimum number of r a in  days occurred during  the  winter and f a l l  months 
(November, December, January  and F ebruary) .
The in fluence  of a i r  p o l lu t io n  upon r a i n f a l l  i s  inco rpora ted  in 
the o v e ra l l  r a i n f a l l  model by assuming th a t  a reas  which have a i r
3
p o l lu t io n  le v e l s  g r e a te r  than  40 p,g/m w i l l  have a 10% g re a te r  
p r o b a b i l i ty  fo r  r a i n f a l l  to  occur and a ls o  th a t  i f  i t  does occur then 
the amount w i l l  be 10% g r e a t e r  than  the r a i n f a l l  amount in an a rea  with
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low a i r  p o l lu t io n .  The e f f e c t  of a i r  p o l lu t io n  on r a i n f a l l  i s  demon­
s t r a t e d  by a 2-year computer s im ulation  in which a cons tan t  a i r  p o l lu ­
t io n  f i e l d  is  superimposed over the r a i n f a l l  g r id .  A comparison of
average r a i n f a l l  a t  a p o in t  with low a i r  p o l lu t io n  (0.0 pig/m ) and
3
p o in t  w ith  high a i r  p o l lu t io n  (86 jig/m ) are  p resen ted  in  Table 13.
These r e s u l t s  show th a t  the  po in t  with high a i r  p o l lu t io n  has a h igher  
number o f  r a in  days and h ig h er  average monthly r a i n f a l l  than the point 
with low a i r  p o l lu t io n .
In an a ttem pt to  v a l id a te  the r a d ia t io n  balance model, the 
monthly average maximum and minimum a i r  su rface  a i r  tem perature  and the 
average monthly 6 - inch s o i l  tem perature a re  c a lc u la te d  from the 14-year 
s im ula t ion  of the model and compared with observed da ta  from Oklahoma 
C ity . The values o f  the a i r  and s o i l  temperature s im ulated  by the  model 
a re  c a lc u la te d  a t  a p o in t  in the c e n t r a l  s e c t io n  o f  the  ecosystem.
The r a i n f a l l  d a ta  from t h i s  same po in t  are compared w ith  the observed 
da ta  a t  Oklahoma C ity . The r a d ia t io n  balance model i s  m odified s l i g h t ly  
to o b ta in  the sim ulated  r e s u l t s  th a t  a re  used in t h i s  v a l id a t io n  pro­
cedure. The model is  a l t e r e d  by using the fo llow ing e qua tions  to  
modify the values o f  Ug (wind speed a t  the 30000 cm le v e l )  and Zq 
(roughness length) as a fu n c t io n  of time o f  yea r .  The model a lso
assumes th a t  dq/dz > 0 (no d e p o s i t io n  of dew) and th a t  RH (% of a rea
evapora ting  water) never g e ts  lower than .5 .
TABLE J.3
The effect of air pollution upon the average monthly rainfall, the number of rain days, and average monthly maximum 
air temperature are demonstrated In this table.
Seasons
Average # of 
Rain Days 
Air Pollution
= 86 ^ g/m^
Average # of 
Rain Days 
Air Pollution 








= 0.0 ^ R /m
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6.2 5.3 2.21 1.93 65.8 69.3
Annua1 5.2 4.67 2.32 1.97 65.6 69.25
^Thc.sc values arc calculated from a two-year computer simulation in which the rain is observed at two points that liad 
different constant air pollution levels.
2
Those values are calculated from a two-year computer simulation in which the maximum air temperature is observed at 
two points that had different constant air pollution levels.
u  =
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r  = Ug during  the day time hours (06-19 LSI) i f  the
average surface  wind speed i s  g re a te r  than 5 MPH.
.8 Ug during  the n ig h t  time hours (20-05 LST) 
from April  to September.
( 1)
.27 Ug during the n ig h t  time hours (20-05 LST) 
from October to March.
V = during the day (06-19 LST) i f  the average su r­
face wind speed i s  l e s s  than or equal to 5 MPH.
where
20 cm from A pril  through September 
70 cm from October through March
wind speed a t  30000 cm p red ic ted  by the  
Atmosphere Model
2
Ug wind speed a t  3000 cm p red ic ted  by the 
Atmosphere Model fo r  average surface  wind 
speed between 5 and 10 MPH.
( 2)
These m o d if ic a t io n s  a re  used to lower the minimum a i r  tem peratures 
p red ic ted  by the r a d i a t i o n  balance model and to keep the  maximum a i r  
tem perature from g e t t in g  too la rg e .  Another m od if ica tion  is  t h a t  the 
volumetric  s o i l  m o is tu re  con ten t used by tem perature model i s  s e t  to 
a lower value  than the a c tu a l  vo lum etric  s o i l  content o f  s o i l  ( » l / 2 ) .  
Figure 32 i l l u s t r a t e s  the  comparison between the average month' /  
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F ig . 32. A comparison o f  the observed and sim ulated  average monthly 
maximum and minimum a i r  temperature are  shown. The 30-year 
average monthly maximum and minimum a i r  tem peratures observed 
a t  Oklahoma C ity  a re  used as the observed d a ta ,  w hile  the 
simulated data  are ca lc u la te d  from the 14-year computer simu­
l a t i o n .
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the  computer sim ulated  d a ta  and the average maximum and minimum a i r  
tem pera ture  observed a t  Oklahoma City (1931-1960), The r e s u l ts  o f  
th e  comparison show th a t  th e re  i s  very l i t t l e  d i f f e r e n c e  between the 
observed and sim ulated  mean monthly v a lu e s .  The most s ig n i f ic a n t  
d e v ia t io n  i s  t h a t  the sim ulated mean.maximum a i r  tem perature for the 
month o f  January i s  5®F g r e a te r  than the observed mean v a lue ,  A 
d e ta i l e d  study of the r e s u l t s  did not i n d ic a te  any p a r t i c u l a r  cause for 
the  d e v ia t io n .  The average monthly 6-inch  s o i l  tem perature  determined 
fo r  the  sim ulated  d a ta  i s  compared w ith  the 1970 average monthly 25 cm 
(10-inch) s o i l  tem perature  observed a t  the  IBP Osage s i t e  in  n o r theas te rn  
Oklahoma (R isse r ,  1971), The r e s u l t s  shown in  F igure  33 in d ic a te  a 
good comparison between the  observed and sim ulated  d a ta .  A more d e ta i le d  
comparison in d ic a te s  a phase s h i f t  between the  cu rves .  This phase 
s h i f t  i s  c o n s is te n t  w ith  the s o i l  tem perature  g ra d ie n ts  (ôTs/ôZ) at the 
Osage s i t e  and the f a c t  th a t  the observed s o i l  tem perature  i s  measured 
four inches lower in the s o i l  p r o f i l e .  In  the  sp r in g  and early  
summer, the va lues  of ôTs/^Z are  p o s i t iv e  (5 to  10°F/25cm), while 
by the end of the summer, the average s o i l  tem pera ture  i s  f a i r ly  homo­
genous i n  the top ten  inches of the s o i l .  ôTs/ôZ becomes negative in  
the  l a t e  f a l l  and w in te r  as the top s o i l  lay e rs  cool o f f  more ra p id ly  
than the  lower s o i l  l a y e r s .  F igure  34 p re s e n ts  the  average monthly 
va lues  o f  the  net sho rt  wave s o la r  r a d i a t i o n  observed a t  ground su rface  
a t  11:00 LST, The r e s u l t s  show the peak incoming s o la r  r a d ia t io n  
occurs during  the month o f  Ju ly  while the minimum va lue  i s  observed 
in the  month o f  December, The dashed l in e s  on the graph show the 
s tandard  d e v ia t io n  about the mean value and in d ic a te  t h a t  the months
1 7 5
1 0 0
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F ig . 33. The average monthly 6-inch  s o i l  tem perature
simulated by the model i s  compared to the average 
25-crn s o i l  temperature observed a t  the IBP Osage 
S i te  in  n o r th e a s t  Oklahoma (R isse r ,  1971). The 
sim ulated da ta  are  c a lc u la te d  from the 14-year run 
of the ecosystem model.
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TIME (MONTH)
F ig .  34. The average monthly n e t  incoming short-wave so la r  
r a d ia t io n  a t  11 (LST) and the s tandard  d e v ia t io n  
about the mean value a re  i l l u s t r a t e d  in t h i s  f ig u re .  
Tlie r e s u l t s  are  determined from the  14-year simu­
l a t i o n  of the ecosystem model.
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of May, June and August have the greatest standard deviation for the 
mean values. Most of this variation is attributed to changes in the 
mean monthly cloud cover.
The radiation balance model also considers the effect air pollu­
tion has on the system. In particular, the model assumes that the 
incoming solar radiation is reduced by 1% for every 10 (j,g/m of 
particulate matter suspended in the air. The suspended particulate 
material primarily influences the maximum air temperature. Table 13 
summarizes the results of a two-year simulation of the model in which
the maximum air temperature is observed at points with low air pollu-
3 3
tion (8 y,g/m ) and one with high air pollution (98 p,g/m ). The results
show that on the average, the maximum air temperature at point with high
a i r  p o l lu t io n  i s  4°F lower than  the maximum tem perature  a t p o in t  with
low air pollution. These results are consistent with Bryson's theory
that increasing concentrations of particulate matter will cause the mean
a i r  tem pera ture  to  decrease  over the long run (S inger ,  1970).
F ig u res  35 and 36 i l l u s t r a t e  how the average monthly mean r a i n f a l l  
and maximum and minimum a i r  temperature vary  about the  group population  
mean v a lu e s .  The d a ta  presented  in these  f ig u re s  are  c a lc u la te d  from 
the  14-year time s e r i e s  of s im ulated atmospheric d a ta .  The r e s u l t s  
show th a t  th e re  i s  la rg e  v a r i a t io n  in  the  mean monthly r a i n f a l l  amounts 
s im ula ted  f o r  the  sp r in g  and summer months. In  p a r t i c u l a r ,  the month 
o f  Ju ly  has the g r e a t e s t  variance  about the  mean value  and i s  a t t r ib u t e d  
to  th e  use of the  convective shower mechanism to  d i s t r i b u t e  r a i n f a l l  
d u r in g  J u ly .  The r e s u l t s  for the mean monthly minimum a i r  tem perature 
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TIME (MONTH)
Fig . 35. The average monthly r a i n f a l l  and the s ta n d a rd  d e v ia t io n  
about the  mean a re  shown. The r e s u l t s  a re  determined 















DEC JAN FEB MAR APR MAY JUN 
TIME (MONTH)
JUL AUG SEP OCT NOV
Fig. 36. The average monthly maximum and minimum a i r  temperatures 
and the standard dev ia t ion  about these  mean values are  
i l l u s t r a t e d .  The r e s u l t s  a re  determined from a 14-year 
s im u la t io n  of the model.
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the  g r e a te s t  v a r ia n ce  t h a t  i s  observed occurs during  the  w in te r  months 
(December, January and F ebruary ) .  Most of the  v a r i a t i o n  in  the  minimum 
a i r  temperature du r ing  the  w in te r  months i s  probably caused by changes 
in  the mean monthly cloud cover. The e f f e c t  o f  vary ing  th e  cloud cover
during  the remainder of the  year (March -  September) i s  p a r t i a l l y
masked by s tronger  n ig h t  time wind speed du ring  th i s  tim e pe riod . The
lower wind speed du ring  the w in te r  months (October -  February) is
caused by the m o d if ic a t io n  o f  the  r a d ia t io n  balance model p resen ted  in  
Equation 1. This m o d if ic a t io n  i s  s p e c i f i c a l l y  designed to  lower the 
minimum a i r  tem pera tu res  p red ic te d  by the r a d i a t i o n  ba lance  model during 
th e  w in te r  months. The v a riance  fo r  the  mean monthly maximum a i r  
tem perature  i s  f a i r l y  sm a ll ,  however, i t  i s  s i g n i f i c a n t l y  g re a te r  than 
the  variance  fo r  the  minimum a i r  tem pera ture . The g r e a t e r  v a r i a t i o n  
o f  the  maximum a i r  tem pera ture  i s  probably caused by th e  f a c t  th a t  incoming 
s h o r t  wave r a d i a t i o n  i s  su b je c t  to  g re a te r  day-to-day  v a r i a t i o n s  than the 
r a d i a t i v e  heat  lo s s  during  the  n ig h t  time ho u rs .  The incoming short  
wave r a d ia t io n  has a s tro n g  in fluence  upon the maximum a i r  tem pera ture , 
w h ile  the in f ra re d  r a d i a t i v e  h e a t  lo ss  during  the n ig h t  hours i s  the 
predominate f a c to r  t h a t  in f lu e n ce s  the minimum a i r  tem pera tu re .  The 
s tandard  d e v ia t io n  fo r  the  maximum a i r  tem perature i s  g r e a t e s t  fo r  the  
months of March, A p r i l ,  and p r im ari ly  a t t r i b u t e d  to  v a r i a t i o n  in  r a i n f a l l  
and cloud cover.
Table 14 p re s e n ts  a f ive -day  sequence of the a tm ospheric parameters 
fo r  4 months during  the y e a r .  This t a b le  i s  p resen ted  to  show ty p ic a l  
day-to-day  v a r i a t i o n  of the  atmospheric param eters .  The e f f e c t  of cloud 
cover upon the maximum (13:00 LST) and minimum (5:00 LST) a i r  temperature
TABLE 14


























1/21 143 8.6 40 11,1 -8.4 17 0.0
1/22 151 5.0 67 11,3 -10.4 12 0.0
1/23 180 16.1 82 9 . 5 1,1 85 .40
1/24 182 13.6 29 11.1 -2.1 10 0.0
1/25 190 8,7 67 10,7 .5 92 0.0
4/11 157 9.5 75 16,4 8 .7 83 0.0
4/12 160 10.6 61 16.2 7.7 36 . 60
4/13 200 24.9 53 13.6 8 .9 84 .20
4/14 200 12.1 65 15,4 8.4 66 .20
4/15 349 1 6 .3 74 14,2 8.7 77 0.0
8/21 190 6.0 56 30.9 21.7 99 0.0
8/22 160 8.8 68 34.7 20.1 42 0.0
8/23 195 5,6 49 34.9 1 9 ,9 38 0.0
8/24 137 4 . 9 50 32.2 20,8 75 0.0
8/25 151 7 .9 42 36.8 18.7 3 0.0
12/21 271 14.4 48 11.4 -.2 11 0.0
12/22 310 12.7 41 11.4 -,8 1 0.0
12/23 165 10.6 73 10.9 .12 26 0.0
12/24 268 5.7 44 13.4 -4.0 7 0.0
12/25 349 10.1 69 9 .9 1.9 78 0.0
V O
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i s  one of the most dram atic  r e l a t io n s h ip s  dem onstra ted . The r e s u l t s  show 
th a t  as the cloud cover in c re a s e s ,  the maximum tem perature  decreases  
and minimum a i r  tem perature in c re a s e s .
A ir P o l lu t io n  Model 
The s e n s i t i v i t y  of the a i r  p o l lu t io n  model to  wind speed and 
s t a b i l i t y  i s  i l l u s t r a t e d  in  F igu res  37 and 38. F igu re  37 shows th a t  
as the  s t a b i l i t y  i s  changed from uns tab le  to  s t a b l e  ( s t a b i l i t y  c a te g o r ie s  
A-D, Turner, 1961) the  average p o l lu t io n  c o n c e n tra t io n  in c re ase s  drama­
t i c a l l y ,  w hile  the lo c a t io n  of the maximum a i r  p o l lu t io n  c oncen tra t ion  
moves f a r t h e r  down stream . S tab le  atmospheric c o n d it io n  cause an a i r  
p o l lu t io n  plume to d i f f u s e  l e s s  slowly and thereby  m aintain  i t s  id e n t i ty  
f o r  a long d i s ta n c e  downstream from the source . F ig u re  38 shows the 
e f f e c t  of va ry ing  the  wind speed from 5 to  15 mph. The r e s u l t s  show 
th a t  an in c re a s e  in  wind speed causes a d i r e c t  dec rease  in  th e  a i r  p o l lu ­
t io n  c o n c e n t ra t io n .  I t  i s  im portant to  no te  th a t  in  t h i s  experiment 
changing the wind speed does no t change the s t a b i l i t y  ca tego ry . In the  
working v e rs io n  of the  model, s t a b i l i t y  i s  a d i r e c t  func t ion  of the 
s o la r  r a d i a t i o n ,  cloud cover, and wind speed (Turner, 1961). F igure  39 
p re se n ts  the contoured average annual SO  ^ a i r  p o l lu t io n  f i e l d  determined 
by us ing  the a tm ospheric model to  d r iv e  the a i r  p o l lu t io n  submodel fo r  a 
two year  s im u la t io n .  The lo c a t io n  of the a i r  p o l lu t io n  sources and the 
a i r  p o l lu t io n  em ission r a t e s  a re  modelled to  s im ula te  the a i r  p o l lu t io n  
in  Houston, Texas (see F igure  22 in the  main te x t  fo r  the lo c a t io n  of 
p o l lu t io n  s o u r c e s ) . The shape of the a i r  p o l lu t io n  f i e l d  i s  p r im ari ly  
dependent upon the c l im a ta lo g ic a l  wind r i s e  and the  lo c a t io n  of the a i r  
p o l lu t io n  so u rc e s .  A d e ta i le d  d isc u ss io n  of the e f f e c t  of the  a i r
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AIR POLLUTION (ligm/ra )
a)
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0. 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 1 1 1 1 1 0 0 0 0 0
0 0 0 0 0 0 1 1 1 1 2 2 3 *5 8 / /T ? \ o
0 0 0 0 0 0 1 1 1 1 2 2 3 5 8 \ / o
0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 c 0 .0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CONTOURED EVERY 3 ^g/m^
b)
3CONTOURED EVERY 10 ug/m'
c )
CONTOURED EVERY 20 p,g/m
Fig. 37. The a i r  p o l lu t io n  f ie ld  for s t a b i l i t y  c a te g o r ie s  A (a ) ,
B ( b ) , and D (c) a re  i l l u s t r a t e d  in t h i s  f ig u re .  The 
s t a b i l i t y  c a te g o r ie s  A, B, and D r e f e r  to the s t a b i l i t i e s  
in  T u rn e r 's  (1961) s t a b i l i t y  c l a s s i f i c a t i o n  system. The 
wind speed fo r  ( a ) ,  (b ) , and (c) is  10 k t s ,  w hile  the 
wind d i r e c t i o n  i s  90 degrees.
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CONTOURED EVERY 10 p,g/
Fig . 38. This f ig u re  p re se n ts  the a i r  p o l lu t io n  f i e l d  fo r  th ree
cases  where the wind speed i s  s e t  equal to 5 k t  ( a ) , 10 k t  (b) 
and 15 k t  (c ) .  S t a b i l i t y  ca tegory  B was used fo r  ( a ) ,
( b ) , and ( c ) , while  the wind d i r e c t io n  i s  90 degrees.
183
AIR POLLUTION CONTOURED EVERY 30 g/m^
Fig.  39, This f igu re  p resen ts  the contoured average annual
S O 2 a i r  p o l l u t i o n  f i e l d  d e t e r m i n e d  b y  u s i n g  t h e  a t m o s p h e r i c  
m o d e l  t o  d r i v e  t h e  a i r  p o l l u t i o n  s u b m o d e l  f o r  a  t w o -  
y e a r  s i m u l a t i o n .  T h e  l o c a t i o n  o f  t h e  a i r  p o l l u t i o n  
s o u r c e s  a n d  t h e  a i r  p o l l u t i o n  e m i s s i o n  r a t e s  s i m u l a t e  
t h e  a i r  p o l l u t i o n  i n  H o u s t o n ,  T e x a s .
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p o l lu t io n  co n tro l  model upon the simulated a i r  p o l lu t io n  f i e l d s  i s  p re ­
sented in  Appendix F.
R adiation Balance Model
A s e n s i t i v i t y  a n a ly s i s  i s  performed on the  r a d ia t io n  balance  
model in o rder  to demonstrate th e  response of the model to the c o n tro l  
param eters . S p e c i f i c a l ly ,  the response of the  maximum and minimum a i r  
temperature to  v a r i a t i o n s  of e ig h t  of the co n tro l  parameters i s  demon­
s t r a te d .  The numerical experiment v a r ie d  one of the param eters  w hile  the 
remaining parameters a re  kept c o ns tan t  (see Figs. 40, 41 , 42, 43 ) .  The 
values  fo r  the input param eters used fo r  th is  s e n s i t i v i t y  e x e rc is e  are  
summarized in Tables 15 and 16. Table 15 p resen ts  the co n s ta n t  input 
parameters fo r  a po in t  t h a t  r e p re s e n ts  a ru ra l  a rea  and a p o in t  t h a t  r e ­
p resen ts  an urban a re a .  The values presented for the ru ra l  a re a  a re  used 
in  the s e n s i t i v i t y  a n a ly s i s .  Table 16 p resen ts  the  1000 f t  wind speed 
time s e r i e s  t h a t  i s  m u l t ip l ie d  by the wind fac to r  (wf) to ge t  the wind 
speed a t  any time during  the day. This wind speed time s e r i e s  i s  only 
used for the s e n s i t i v i t y  a n a ly s is  e x e rc ise .  A comparison of the  tempera­
tu re  simulated for the urban p o in t  with the ru ra l  po in t  is  p resen ted  in 
order to demonstrate some of the c h a r a c te r i s t i c s  o f  the Urban-Heat I s lan d  
e f f e c t .
The in fluence  o f  wind speed and cloud cover upon maximum and 
minimum a i r  tem perature  i s  p resented  in Fig. 40- The r e s u l t s  show th a t  
increas ing  wind speeds cause the maximum a i r  temperature to dec rease  and 
the minimum a i r  tem perature to in c re ase .  The maximum and minimum a i r  
temperature change very ra p id ly  as the  wind fa c to r  increases  from .5 to 
1 .3 , however, in c reas in g  the wind fa c to r  beyond 1.5 has l i t t l e  e f f e c t  
upon them. Inc reas ing  the  cloud cover causes a continuous in c re a s e  in  
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Fig .  40.  The in f luence  of wind speed (a) and cloud cover (b) upon the
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MAXIMUM A IR  TEMPERATURE 
MINIMUM A IR  TEMPERATURE
0  5  1 0  1 5  2 0
A M P L I T U D E  O F  1 0 0 0  F T . A I R  T EMP E RA T UR E  O S C I L L A T I O N ( ° C )
F i g .  4 1 .  T h e  i n f l u e n c e  o f  t h e  1 0 0 0  f t .  a i r  t e m p e r a t u r e  ( a )  a n d  t h e  
a m p l i t u d e -  o f  t h e  1 0 0 0  f t .  a i r  t e m p e r a t u r e  o s c i l l a t i o n  ( b )  
u p o n  t h e  m a x i m u m  a n d  m i n i m u m  a i r  t e m p e r a t u r e  i s  i l l u s t r a t e d  i n  
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  MINIMUM AIR TEMPERATURE
1.0 2 . 0 3.0 4.0
DENSITY OF THE SOIL (g/coT)
Fig- 42 , The e f f e c t  of the  12" s o i l  tem perature  (a) and s o i l  dens ity  (b) 
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PERCENTAGE OF AREA EVAPORATING WATER (%)
F i g -  4 3 ,  T h e  e f f e c t  o f  m i x i n g  l e n g t h  ( a )  a n d  t h e  p e r c e n t a g e  o f  a r e a  
e v a p o r a t i n g  w a t e r  ( b )  u p o n  t h e  m a x i m u m  a n d  m i n i m u m  a i r  
t e m p e r a t u r e  i s  s h o w n .
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TABLE 15
Constant parameter va lues  used in  the  s e n s i t i v i t y  an a ly s is  of the  
r a d i a t i o n  balance model.
Rural C ity
P a r t i c u l a t e  Concentration
(^g/m3) 15.8 110.0
S e lf  H eating Term
(ly /m in) - .005  +.060
IR R ad ia t io n  M odifica tion
Term (non-dimensional) 1.17 .70
12" S o i l  Temperature (°C) 20.8 22.5
Cloud Cover (%) 20 20
Wind F a c to r  (WF) 1 1
C onductiv ity  (cal/cm sec °C) .004 .017
Density  (gm/m^) 1.83 2.50
Evaporating Surface (7.) 58 43
Mixing Length (cm) 253 500
1000 f t .  Temperature (^C) 24.6 24.6
Amplitude of 1000 f t .
Temperature (°C) 5.1 3 .0
S p e c if ic  Heat Capacity
(cal/gm  "O  .18 .18
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TABLE 16
Wind speed time s e r i e s  used in  th e  s e n s i t i v i t y  a n a ly s i s  of the r a d ia t io n  
balance model.
1000 f t .


























tem pera tu re .
The e f f e c t  of the 1000 f t .  a i r  tem perature  and the  amplitude of 
th e  1000 f t .  a i r  tem perature o s c i l a t i o n  upon the  maximum and minimum 
a i r  tem perature  i s  p resen ted  in F igure  41, In c reases  in  the 1000 f t .  
a i r  tem perature cause bo th  maximum and minimum a i r  tem perature  to in c re a se ,  
The r e s u l t s  show th a t  the  minimum a i r  tem perature in c re ase s  more ra p id ly  
than  the  maximum a i r  tem pera tu re . In c reas in g  the amplitude of the 
1000 f t .  a i r  tem perature  o s c i l a t i o n  causes the maximum a i r  temperature 
to  in c re a s e  slowly while the  minimum a i r  tem perature  d ec reases  rap id ly .
The maximum a i r  tem perature  in c re ase s  because in c re a s in g  va lues  of the 
am plitude o f  the  1000 f t .  a i r  temperature causes the maximum 1000 f t .  
a i r  tem perature  to  be h ig h e r  and thus lower the  upward s e n s ib le  heat 
t r a n s f e r  lo s s  in  the  l a t e  a f te rnoon  hours .  The mean minimum a i r  tempera­
t u r e  dec reases  because in c re a s in g  the amplitude of the 1000 f t .  a ir  
tem pera tu re  cause the  minimum a i r  tem perature  a t  1000 f t .  to  decrease and 
thus  lower the downward s e n s ib le  heat t r a n s f e r  in  the  n o c tu rn a l  hours. 
F ig u re  42 shows the e f f e c t  of 12-inch s o i l  tem perature and the  dens ity  
of the  s o i l  upon the maximum and minimum a i r  tem pera tu re . Increasing
the  12-inch s o i l  tem perature causes both the  maximum and minimum a ir
tem pera ture  to in c rease  slow ly; however, th e  minimum a i r  temperature
in c re a s e s  a t  a much more rap id  r a t e  than the  maximum a i r  tem perature .
In c re a s in g  the d e n s i ty  of the  s o i l  causes only a minor dec rease  in the  
maximum a i r  tem perature and a slow in c re ase  in the  minimum a i r  tem perature. 
The in f lu e n ce  of mixing len g th  and percentage of a rea  evapora ting  water 
upon the maximum and minimum a i r  tem perature i s  p resen ted  in  Figure 43.
The r e s u l t s  show th a t  in c re as in g  the mixing length  causes the maximum
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a i r  tem pera tu re  to decrease  and the minimum a i r  tem perature  to  in c re ase .  
With mixing len g th  g r e a te r  than 600 cm the  changes in  the maximum and 
minimum a i r  tem perature  are  small. In c re a s in g  the  percentage  of a rea  
ev ap o ra tin g  w ater  causes a rap id  decrease in  the maximum a i r  temperature 
and a  minor dec rease  in the minimum a i r  tem pera ture . The rap id  decrease 
in  the  maximum a i r  temperature i s  caused by the increase  in  the  l a t e n t  
h e a t  lo ss  a s so c ia te d  with  the  in c rease  in  the a re a  evapo ra ting  w ater.
The minimum tem perature  is  only s l i g h t ly  in fluenced  by th e  a rea  evapora ting  
w a te r  because the  l a t e n t  heat lo s s  during  the evening hours i s  minimal.
A summary of the  r e s u l t s  shows th a t  v a r i a t i o n  of some of the param eters 
have a s ig n i f i c a n t  in f luence  in the response  of the  model w hile  changes 
in  o th e r  param eters  have very l i t t l e  in f lu e n ce  upon the model.
One o f  the  primary reasons fo r  developing the r a d i a t i o n  balance 
model i s  to  d e v ise  a mechanism t h a t  would be u se fu l  to  study the "Urban- 
Rural Heat I s l a n d ."  The Urban-Rural Heat Is land  r e f e r s  to  the  phenomenon 
whereby the c e n te r  of an urban a re a  i s  observed to  have h ig h e r  a i r  tem­
p e ra tu re s  than the surrounding r u r a l  a re a .  The u rb a n - ru ra l  tem pera ture  
d i f f e r e n c e  i s  observed to be g r e a t e s t  under cond it ions  when the  wind speed 
i s  l i g h t  ( l e s s  than 5 k t s )  and cloud cover is  low. The g r e a t e s t  tempera­
tu re  d i f f e r e n c e  is  g e n e ra l ly  observed in the  e a r ly  morning hours .  F ig .
44 p re s e n ts  a two-day a i r  temperature time s e r ie s  fo r  po in ts  in  the urban 
r u r a l  a rea  du r ing  August and January. These time s e r ie s  a re  generated  
by running the r a d i a t i o n  balance model w ith  the c ons tan t  inpu t 
param eter va lu e s  p resen ted  in  Table 15. The r e s u l t s  for the  month 
o f  Augur- - show th a t  the  g r e a te s t  u rb a n - ru ra l  temperature d i f f e re n c e  
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Fig. 44. This figure illusLratcs a two-clay tine sequence of air temperature simulated for an 
urban area and a rural area during August (a) and January (b).
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u rb an - ru ra l  tem perature  becomes l e s s  s ig n i f ic a n t  (2 F ) .  The r e s u l t s  
fo r  January  a lso  show th a t  the  g r e a te s t  u rb an - ru ra l  tem perature  d i f fe re n c e  
occurs j u s t  p r io r  to  su n r ise  (10 F ) , however, during January th e re  i s
a temperature excess  (+2 F) observed in  the r u ra l  a rea  from 11:00 to
14:00 LST. The r e s u l t s  s im ulated  by the model are  c o n s is te n t  w ith  
f i e l d  observa tion  of the Urban-Rural Heat I s la n d ,  The e f f e c t  of time 
of y e a r ,  cloud cove r ,  and wind speed upon the u rb a n - ru ra l  tem perature 
d i f f e re n c e  observed a t  the  time of minimum a i r  temperature (6:00 LST) 
and maximum a i r  tem perature  (14:00 LST) is  presented in  F igure 
45. These r e s u l t s  a re  determined by running the r a d ia t io n  
balance model du r in g  d i f f e r e n t  times of the year and then vary ing  the
cloud cover and wind speed param eters .  The r e s u l t s  show th a t  the
u rb a n - ru ra l  tem perature  d i f f e re n c e  decreases s ig n i f i c a n t l y  w ith  an 
in c rease  in  cloud cover or an inc rease  in wind speed. The peak temperature 
d i f f e re n c e  during the  e a r ly  morning hours i s  observed to  occur during 
e a r ly  March while th e re  i s  a secondary peak observed in  the month of 
September. The tem pera tu re  d i f f e re n c e  in the afte rnoon  hours i s  shown 
to become nega tive  only du r ing  December and January. The peak p o s i t iv e  
d i f f e re n c e  during th e  afte rnoon  hours occurs during the  summer months 
and i s  increased by in c re a s in g  wind speed and cloud cover. During 
December and January , in c re as in g  the  wind does not modify the  tem perature  
d i f f e re n c e  during the  a fte rnoon  hours , however, in c re as in g  the cloud 
cover causes the u r b a n - ru ra l  temperature d i f fe re n c e  to  be decreased 
s ig n i f i c a n t l y .  The re su l t ; :  ; resented in Figure 45 a re  very i n t e r e s t i n g ;  
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Fig. 45. The effect of cloud cover, wind speed, and time of year upon the urban minus rural 
temperature difference (Urban-Rural) for both maximum and minimum air temperature 
is presented in this figure.
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Heat I s la n d  Wind Model 
The u rb a n - ru ra l  h e a t  is la n d  wind model is  te s te d  by vary ing  the 
most important d r iv in g  parameter in the  model, which i s  the urban- 
r u r a l  tem pera ture  d i f f e r e n c e .  F ig . 46 p re se n ts  the  wind d i r e c t i o n  f i e l d  
and wind speed f i e l d  f o r  a case  w ith  an +8C tem perature d i f f e r e n c e ,  
w hile  F ig . 47 p re s e n ts  the  wind d i r e c t i o n  and speed f i e l d s  fo r  a case 
when the tem perature d i f f e re n c e  i s  44C. The roughness leng th  f i e l d  
used to c a lc u la te  F ig s .  46 and 47 increased  from a low va lue  o f  250 cm 
a t  the edge o f  the  c i t y  to 1080 cm a t  the  ce n te r  o f  the  c i t y .  The 
u rb an - ru ra l  tem pera ture  d i f f e re n c e  used in F igs .  46 and 47 r e p re s e n t  
ty p ic a l  tem perature  d i f f e r e n c e s  observed in the  e a r ly  morning. The 
mixing leng th  f i e l d  used as input fo r  the model increased  from the 
edge of the c i t y  in to  the  ce n te r  of the  c i t y .  The top o f  Urban-Rural 
Heat Is land  dome is  s p e c i f ie d  by a two dimensional s ine  wave t h a t  has 
the maximum va lu e  o f  the  dome in the c e n te r  of the  c i t y .  A comparison 
o f  the two f ig u r e s  shows th a t  maximum wind speed decreases  o n e - th i rd  
o f  the o r ig in a l  peak va lue  as the tem perature  d i f fe re n c e  is  decreased 
by o n e -h a l f ,  while  the  wind d i r e c t i o n  f i e l d s  do not vary  s ig n i f i c a n t l y .  
The most s ig n i f i c a n t  f e a tu r e  o f  the wind speed f i e l d  i s  the inc rease  
of the wind speed from zero  in the  c e n te r  of the  c i t y  to peak va lue  two 
m iles  from the  c e n te r  o f  the  c i t y .  The wind speed then d ec reases  con­
t in u a l ly  out to the edge o f  the c i t y .  A study of the r e s u l t s  from the 
model d id  n o t  produce any in form ation  about the v a r i a t i o n  in the maximum 
wind speed b e l t .  The wind d i r e c t i o n  f i e l d  shows th a t  the a i r  i s  moving 
d i r e c t l y  in to  the  c e n te r  of the  c i t y .  The va lues  of wind speed sim ulated  
in the model compare favo rab ly  with those in d ic a te d  by observed da ta  
(Poo ler ,  1967). An e r r o r  d iscovered  in the procedure used to c a lc u la t e
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F ig .  46. This f ig u r e  p re se n ts  the wind d i r e c t io n  f ie ld  (a) and wind 
speed f i e l d  (b) fo r  a case in  which the urban minimum r u r a l  
tem pera ture  d i f f e re n c e  i s  equal to +8^C. The dots with 
s t r a i g h t  l in e s  connected to them in d ic a te  the d i r e c t i o n  
th a t  the  wind blows from.
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F ig .  47. The wind d i r e c t i o n  f i e l d  (a) and wind speed f ie ld  (b) 
fo r  case in  which the urban minus ru ra l  temperature 
d i f f e r e n c e  equals +4*C is  i l l u s t r a t e d -  The dots  with 
s t r a i g h t  l in e s  connected to  them ind ic a te  the d i r e c t io n  
t h a t  the wind blows from.
t h e  d r a g  c o e f f i c i e n t  f i e l d  c a u s e d  t h e  e s t i m a t e s  o f  t h e  d r a g  c o e f f i c i e n t  
t o  b e  i n c r e a s e d .  T h e  e f f e c t  o f  e r r o r  i s  t o  d e c r e a s e  w i n d  s p e e d s  s i m u ­
l a t e d  b y  t h e  m o d e l .
APPENDIX B
A P P E N D I X  B
R E S U L T S  o r  THE  T E S T I N G  S CI I ENE P ER F O R M E D  
ON T H E  H YD R O L O G Y  MODEL
T h e  h y d r o l o g y  m o d e l  i s  t e s t e d  b y  d e m o n s t r a t i n g  t h e  r e s p o n s e  o f  
i t s  p a r a m e t e r s  t o  t h e  d r i v i n g  a t m o s p h e r i c  p a r a m e t e r s .  T h i s  i s  a c c o m p ­
l i s h e d  b y  u s i n g  t h e  d a t a  g e n e r a t e d  f r o m  t h e  1 4 - y e a r  s i m u l a t i o n  o f  t h e  
e v a l u a t i o n  o f  t h e  e c o s y s t e m  t o  d e t e r m i n e  m e a n  m o n t h l y  v a l u e s  t h e  h y d r o ­
l o g y  p a r a m e t e r s .  S o m e  o f  t h e  f a c t o r s  w h i c h  i n f l u e n c e d  t h e  h y d r o l o g y  
m o d e l  a n d  a r e  k e p t  c o n s t a n t  f o r  t h e  w h o l e  e c o s y s t e m  d u r i n g  t h i s  s i m u l a t i o n  
a r e  p r e s e n t e d  i n  T a b l e  1 7 .  T a b l e  1 8  p r e s e n t s  t h e  m o n t h l y  f l o w  r a t e s  o f  
w a t e r  i n t o  a n d  o u t  o f  t h e  l a k e  w h i c h  a r e  u s e d  f o r  t h e  s i m u l a t i o n .  T h e  
m e a n  m o n t h l y  v a l u e  o f  t h e  p a r a m e t e r s  a r e  d e t e r m i n e d  f o r  t h e  p o i n t  i n  t h e  
c e n t r a l  s e c t i o n  o f  t h e  e c o s y s t e m  w h e r e  t h e  m e a n  m o n t h l y  v a l u e s  o f  a t m o s p h e r i c  
p a r a m e t e r s  a r e  d e t e r m i n e d  ( s e e  a p p e n d i x  A ) .  T h e  e f f e c t  o f  d i f f e r e n t  s o i l  
t y p e s  a n d  h y d r o l o g i e  c o n d i t i o n s  u p o n  s t o r m  r u n o f f  i s  p r e s e n t e d  a l o n g  w i t h  
a  3 0 - d a y  t i m e  s e r i e s  t h a t  d e m o n s t r a t e s  t h e  d a y - t o - d a y  r e s p o n s e  o f  t h e  
h y d r o l o g y  p a r a m e t e r s  t o  t h e  d r i v i n g  a t m o s p h e r i c  p a r a m e t e r s .
F i g u r e  4 8  p r e s e n t s  t h e  a v e r a g e  m o n t h l y  v a l u e s  o f  t h e  s o i l  
m o i s t u r e  p a r a m e t e r s .  T h e  s o i l  m o i s t u r e  f r o m  0 - 2 4  i n c h e s  h a s  i t s  p e a k  
v a l u e  i n  M a r c h  a n d  d e c r e a s e s  t o  a  m i n i m u m  v a l u e  i n  A u g u s t .  T h e  M a r c h  
p e a k  i n  t h e  s o i l  m o i s t u r e  i s  a s s o c i a t e d  w i t h  t h e  h e a v y  r a i n f a l l  d u r i n g  t h e  





THIS TABLE PRESENTS THE STATE OF THE CONSTANT HYDROLOGIC 
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Fig.  48. The average monthly values  of  the s o i l  moisture  from
0-6 inches,  0-24 inches and 25-48 inches and the ground 
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F ig .  4 9 . The average monthly storm runo f f  is  shown in th i s  f ig u r e .
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March u n t i l  June i s  caused by a rap id  in c re a se  in  the p o te n t ia l  évapo­
t r a n s p i r a t i o n  lo s s .  The low s o i l  m oisture du r ing  the summer i s  caused 
by lower r a i n f a l l  amounts and high p o te n t i a l  é v a p o tran sp ira t io n  lo s s .
The in c re ase  in th e  s o i l  m oisture  from September u n t i l  March is  caused 
by low p o te n t ia l  é v a p o tr a n s p i ra t io n  va lues  which allow the s o i l  mois­
tu re  to  accumulate during  t h i s  pe riod . Another f a c to r  to  consider in  
s tudying the so i l  m o is tu re  fo r  0-24 inches i s  the f a c t  th a t  from April  
u n t i l  October, (growing season of the g rass )  the  evapora tion  water loss  
from t h i s  la y e r  occurs  as t r a n s p i r a t i o n  by the p l a n t s ,  while  during the 
remainder of the y e a r ,  the  evapora tion  w ater  lo ss  from the s o i l  i s  
l im ited  to the  top 6 in .  of the s o i l  (evapo ra tion  lo ss  from bare s o i l ) .  
P a r t  of the  f a i r l y  rap id  drop in s o i l  m ois tu re  from March to A pril  i s  
a t t r i b u t e d  to the f a c t  th a t  evapora tion  w ater  lo s s  in  March i s  l im ited  
to the top 6 in . o f  the  s o i l ,  while in  A p r i l ,  p la n t  t r a n s p i r a t io n  is  
lo s ing  w ater from the whole s o i l  m oisture  la y e r  (0-24 in c h e s ) . The 
f a i r l y  rap id  increase  in the  s o i l  m oisture  from November u n t i l  March 
i s  in fluenced  by th e  f a c t  th a t  water lo ss  by evapora tion  is  l im ited  
to  the top 6 in ,  o f  the  s o i l .  The s o i l  m o is tu re  in  the 25-48 inch 
laye r  has i t s  peak values  in  A pril  and dec reases  to  minimum value in 
January . This laye r  i s  recharged by d rainage  from the upper s o i l  
m oisture  layer  and loses  w a te r  by drainage  to  the laye r  below 48 inches. 
The A pri l  peak in the  s o i l  m ois ture  from 25-48 inches i s  caused by high 
va lues  of s o i l  water d r a i .  ge from the upper s o i l  m oisture  layer  during 
January , February, March, and A p r i l .  This d ra inage  i s  caused by high 
values  of s o i l  m oisture  in  the  upper s o i l  m ois tu re  la y e r .  The observed 
decrease  in the s o i l  m o is tu re  of the 25-48 inch lay e r  a f t e r  March is  
a s so c ia te d  with a r a p id  decrease  in  the s o i l  m ois tu re  in the upper lay e r
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(0-24 inches) .  The ground water recharge ind ica ted  in  Figure 48 
i s  the average monthly d rainage  ou t o f  the s o i l  m oisture  lay e r  from 
24 to  48 inches .  As expected, the  r e s u l t s  show th a t  the drainage  i s  
d i r e c t l y  p ro p o r t io n a l  to the s o i l  m oisture  in the la y e r .  The average 
monthly s o i l  m oisture  from 0 to 6 inches i s  l e s s  than .2 inches f o r  
the  whole yea r  and reaches  i t s  peak va lue  in  March. The average s o i l  
m ois ture  in  t h i s  lay e r  i s  low because s o i l  water evapora tion  lo s s  i s  
confined to  the  top 6 inches of s o i l  i f  th e re  is  a v a i la b le  water in  
t h i s  la y e r .  Thus, a f t e r  a r a i n f a l l  recharges  the s o i l ,  the s o i l  
m ois tu re  from 0-6 inches w i l l  be the f i r s t  lay e r  to lo se  water due 
to evapora tion . A programming e r r o r  in  the  model t h a t  p r e d ic t s  s o i l  
m ois tu re  in  the layer  was d iscovered . The e f f e c t  o f  t h i s  e r r o r  i s  
to s l i g h t ly  increase  the s o i l  m o is tu re  from 0-24 inches during the w in te r  
( inc rease  equa ls  .15 inches) and a lso  to decrease  the  s o i l  m o is tu re  from 
0-6 inches during  a l l  of the months o f  the y e a r .  The g r e a te s t  decrease  
would occur during  the l a t e  sp ring  and e a r ly  summer months (decrease  
equa ls  .25 inches for l a t e  sp ring  and summer, w hile  the decrease  eq u a ls  
.15 inches during  the remainder o f  the y e a r) .
The average monthly runo ff  a t  the co n tro l  p o in t  in the c e n t r a l  
s e c t io n  of the  ecosystem i s  p resen ted  in F ig .  49. A primary peak in  
ru n o ff  i s  observed in Ju ly  while th e re  is  secondary peak in runoff  
during  A p r i l .  The Ju ly  peak in ru n o ff  is  produced by the high r a t i o  
of runo ff  to  r a i n f a l l  t h a t  i s  a s so c ia te d  w ith  convective shower mechanism 
used to d i s t r i b u t e  r a i n f a l l  fo r  J u ly  and August. The runoff  was much 
lower fo r  the  month o f  August because the average r a i n f a l l  is  low er. The 
secondary peak in runoff  during A pril  i s  caused by the  heavy r a i n f a l l  
during  the sp r in g .  The r e l a t i v e l y  low runoff  during the w in te r  months
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(October, November, January  and February) is  a s so c ia te d  w ith  the low 
average monthly r a i n f a l l  f o r  t h i s  time period .
The average monthly va lu e s  o f  evapora tion  param eters  are  
i l l u s t r a t e d  in F igu re  30, V a r ia t io n  in the lake  evapo ra tion  r a t e  
and the  p o t e n t i a l  é v a p o tr a n s p i ra t io n  r a t e  are d i r e c t l y  r e l a t e d  to  changes 
in the atmospheric param eters  w hile  the  v a r i a t io n s  in the  s o i l  evapora tion  
lo s s  a re  d i r e c t l y  r e l a t e d  to  p o t e n t i a l  é v a p o tra n sp i ra t io n  r a t e  and the 
s o i l  m ois tu re  from 0 to 24 in ch es .  The p o te n t ia l  é v a p o tra n s p i ra t io n  
r a t e  in c re ase  from minimum v a lu e  in December to a peak va lue  in June,
This i nc rease  i s  caused by in c r e a s in g  average a i r  temperature  and 
inc re as ing  short-wave so la r  r a d i a t i o n  during t h i s  pe r iod .  The p o t e n t i a l  
é v a p o t r a n s p i r a t i o n  r a t e  g e n e r a l l y  decreases  from June u n t i l  December,
This i s  caused by a dec rease  in the n e t  incoming short-wave so la r  
r a d i a t i o n  and the decrease  in  the  average a i r  tem pera tu re  a f t e r  the 
month o f  August, The lake e v a p o ra t io n  r a t e  in c re ase s  from minimum value 
in March to maximum value in  August, and then d ec reases  u n t i l  March, The 
dram atic  in c re ase  in e vapo ra tion  r a t e  from March to August i s  caused by 
in c re as in g  lake su rface  tem pera tu res  (see  Table 18) dec reas ing  r e l a t i v e  
hum idity . The decrease  in the  lake  evapora tion  r a t e  from August to 
March i s  p r im a r i ly  caused by in c re a s in g  r e l a t i v e  hum idity . The minimum 
evapora tion  r a t e  occurs  in March because the lake su rface  tem perature  is  
s t i l l  f a i r l y  low w ith  the r e l a t i v e  hum idity  being very h igh  during th a t  month. 
The roaior f e a tu re  o f  the s o i l  e vapo ra tion  r a t e  i s  t h a t  i t  in c re ase s  from 
a minimum value in November to  maximum value in A p r i l ,  w h ile  the r a t e  
then dec reases  s t e a d i ly  to th e  minimum value in November, The increase  












— ACTUAL EVAPORATION LOSS 
LAKE EVAPORATION
Dec Jan  Feb Mar Apr May June J u ly  Aug Sep Oct Nov
TIME (months)
F ig . 50. The average monthly values for p o te n t ia l  évapotrans­
p i r a t i o n ,  a c tu a l  evapora tion  and lake water evaporation 















RIVER FLOiJ AT POINT-1 
RIVER FLDi; AT POINT-2 
RIVER FLOW AT POINT-3
Dec Jan  Feb Mar Apr May June J u ly  Aug 
TIME (months)
Oc t Nov
Fig. 51. This  f ig u re  shows the average monthly flow r a t e  a t
th re e  p o in ts  along the River system (point 1 - below 
the lak e ,  po in t  2 - middle of the River system, po in t  
3 -  southern  boundary of the ecosys tem .) .
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the p o t e n t ia l  é v a p o tr a n s p i ra t io n  r a t e  increases  throughout th a t  period  
while the a v a i l a b le  s o i l  w ater  fo r  evaporation remains a t  a high l e v e l .
The decrease  in ev ap o ra tio n  r a t e  a f t e r  March is  caused by a rapid 
decrease  in a v a i la b le  s o i l  m oisture  for evapora tion .
The average monthly flow r a te  a t  th ree  p o in ts  along the r i v e r  
system are  p resen ted  in  F igu re  51. Point 1 (Poin t 3-Figure  14 in the  
main te x t )  i s  the upstream p o in t  ju s t  below the dam Po in t  2 (Point 5- 
F igure 14 in the  main t e x t )  i s  loca ted  in  the middle o f  the ecosystem 
while P o in t  3 (Po in t  7 -F igure  14 in the main te x t )  i s  the f a r th e s t  
downstream po in t  s t i l l  in the  ecosystem. The r e s u l t s  show th a t  the 
flow r a t e  in c re ase s  d ra m a t ic a l ly  from February to March, decreasing 
s l i g h t ly  u n t i l  June, in c re a s in g  to  a peak value in  J u ly  and then dec reas ing  
to  the base flow le v e l  (8000 cubic  f e e t  per s e c -c fs )  in  December. As 
would be expected, the changes in  the average flow r a t e  correspond 
d i r e c t l y  to the v a r i a t i o n s  in the  average monthly runoff  (Figure 4 9 ) .
The average flow r a t e  a t  P o in t  1 inc reases ,  a t  the most, 1000 cubic f e e t  
per second (c fs )  over the base flow r a t e .  This in d ic a te s  th a t  th e re  is  
very l i t t l e  runoff  of w a te r  in to  the r iv e r  above Po in t  1 with  most of 
the w ater  a t  Po in t  1 flow ing  from the dam a t  the constan t r a t e  of 8000 
c fs  (base flow r a t e ) .  The average flow r a t e  a t  P o in t  2 i s  s ig n i f i c a n t l y  
h igher  than the flow r a t e  a t  P o in t  1, in d ica tin g  th a t  a la rg e  amount of 
w ater runs in to  the r i v e r  between Point 1 and Poin t 2. The comparisons 
of flow r a t e  a t  Po in t  2 and P o in t  3 show th a t  the flow r a t e s  continue 
to increase  s ig n i f i c a n t l y  because of runoff from the remainder of th e  
ecosystem. The runo ff  from p a r t i c u l a r  areas  of the ecosystem is  equal 
to the d i f f e re n c e  between the average flow r a t e  a t  consecutive  downstream 
poin t along the r i v e r .  The' r e s u l t s  from Figure 51 show th a t  on the
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average, the ru n o ff  a rea  above P o in t  1 c o n tr ib u te s  10% o f  the ru n o f f ,  
runoff  a rea  between P o in t  1 and Po in t  2 c o n tr ib u te s  52% of the run o ff ,  
while  the runoff  a rea  between Po in t  2 and P o in t  3 provide 38% of the
run o ff .  In  t h i s  model, the water flowing through a p a r t i c u l a r  upstream
p o in t  must n e c e s s a r i ly  flow through a l l  of the  downstream points  along 
the r i v e r .  There i s  a lag  between the peak flow ra te  a t  the th ree  po in ts  
in the  r i v e r ,  however t h i s  does not show in  the  monthly average values 
s ince  the runoff  fo r  a p a r t i c u l a r  storm w i l l  flow completely out of the
ecosystem in l e s s  than 6 days.
An e r ro r  in the computer program caused the ru n o ff  in to  the 
watershed a reas  in Northern p a r t  of the  g r id  to  be increased  while the 
runoff  in to  the  Southern watersheds was decreased . This e r ro r  is  
r e s p o n s ib le  fo r  a s l i g h t  in c rease  in  the  w a te r  flow r a t e s  a t  Points  
1 and 2 along the r iv e r  200 c f s ) .
F igu re  52 shows the average monthly lake  lev e l  ( so l id  l in e )  and 
the standard  d e v ia t io n  o f  the average monthly lake lev e l  value about the 
mean value (dashed l i n e ) .  The s ta n d a rd  d e v ia t io n  about the  average 
monthly lake  l e v e l s  i s  c a lc u la te d  us ing  the 14 average monthly means 
determined from the 14-year time s e r i e s  of simulated d a ta .  The lake  leve l  
in c re ase s  from a minimum in  December to  a peak in  May and then decreases  
c o n t in u a l ly  to  the minimum value observed in December. The peak lake 
l e v e l  occurs  in  May because o f  an accum ulation of storm runo ff  from 
March, A p r i l  and May and the f a c t  th a t  lake evapora tion  r a t e  is  a t  i t s  
low est va lue  fo r  the th re e  months p r io r  to May. P a r t  of t h i s  inc rease  
i s  a lso  a t t r i b u t e d  to the f a c t  t h a t  w ater  i s  coming in to  the lake a t  
r a t e s  g r e a te r  than the w ater  is  lea v in g  the lake  for the months from 
December to March (see Table 18). The dec rease  in the lake  lev e l  a f t e r  
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F ig . 52. The average monthly lake  le v e l  and the s tandard  
d e v ia t io n  about the mean va lues  are i l l u s t r a t e d .






















SOIL MOISTURE (0-24 inches)
-----------STANDARD DEVIATION
Dec Jan Feb Mar Apr May June Ju ly  Aug Sep Oct Nov
TIME (months)
F ig .  53. The average monthly s o i l  m o is tu re  fo r  0-24 inches and 
the s tandard  d e v ia t io n  about the mean values are  
p resen ted  in th is  f ig u re .
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the end o f  the y ea r  and a lso  because w ater  i s  lea v in g  the  lake a t  a 
more rap id  r a t e  than  i t  i s  coming in to  the lake from May u n t i l  September,
The s tandard  d e v ia t io n  about the mean monthly lake  l e v e l  i s  uniform
fo r  a l l  of  the months of the year and has an average value  equal to + .35 f t .
F igure 53 shows the  s tandard  d e v ia t io n  of monthly mean v a lues  of s o i l
m ois tu re  from C-24 inches . The s tandard  d e v ia t io n  about the  mean
monthly va lues  i s  c a lc u la te d  by using the 14 average monthly va lues  of
s o i l  m o is tu re  determ ined from the 14-year computer s im u la t io n .  The
r e s u l t s  show a f a i r l y  uniform d i s t r i b u t i o n  of the s tandard  d e v ia t io n
for  the d i f f e r e n t  months of the  yea r ,  however, the g r e a t e s t  va lues
occur du r in g  the months of December, January  and February . The v a r i a t io n s
during th e s e  months are caused by n o n -u n ifo rm it ie s  in  the  average monthly
r a i n f a l l s .
The in f lu e n c e  of d i f f e r e n t  s o i l  types and the  hydro log ie  cond it ion  
o f  the  s o i l  upon average storm runo ff  i s  determined by running the 
hydrology model f o r  two y ears  and c a lc u la t in g  the  monthly average runoff  
va lues  f o r  f iv e  d i f f e r e n t  case s tu d ie s  (Table 19). The hyd ro log ie  
c o n d it io n  o f  the  s o i l  r e f e r s  to the a b i l i t y  of the  s o i l  to i n f i l t r a t e  
r a i n f a l l .  Poor hyd ro log ie  cond it ions  mean th a t  the  i n f i l t r a t i o n  r a t e  
i s  low. The r e s u l t s  show th a t  sharkey clay  has g r e a t e r  average runo ff  
va lues  than  commerce s i l t  loam and th a t  the average runo ff  d ec reases  as 
the h y d ro lo g ic a l  c o n d it io n  of the s o i l  changes from poor to f a i r  to  good.
The g r e a t e s t  average runo ff  i s  observed fo r  a s im ulated  urban a rea  in 
which 507- o f  the a re a  c o n s is ted  of c o n c re te ,  b lack top  or ro o f in g  m a te r ia l .
F igu re  54 i l l u s t r a t e s  a 30-day time sequence in  which the s o i l  
m ois tu re  from 0-24 inches ,  the p o t e n t i a l  é v a p o tra n s p i ra t io n  r a t e ,  the 
a c tu a l  e v a p o ra t io n  r a t e  and the  r i v e r  flow r a t e  a t  3 p o in ts  in the  r iv e r  
flow system respond to  r a i n f a l l  in the ecosystem.
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TABLE 19
THE AVERAGE MONTHLY RUNOFF^  (INCHES) CALCULATED AS A FUNCTION 





Dec Mar Jun Sept 
Jan  Apr J u l  Oct 
Feb May Aug Nov
Commerce S i l t  Loam with 
F a i r  Hydrology Condi­
t io n s
0.0 .016 .057 .0005
Sharkey Clay w ith  Poor 
Hydrology Conditions .015 .150 .279 .068
Sharkey Clay w ith  F a ir  
Hydrology Conditions .005 .069 .058 .018
Sharkey Clay w ith  Good 
Hydrology Conditions 0 .0 .030 .061 .009
C ity  Area (50% Soil Area 
70% o f  the S o i l  Area has 
l i v e  v e g e ta tio n )
.307 .843 1.11 .684
The average monthly runoff  va lues  are determined by running 
th e  ecosystem model fo r  two y ears  and c a lc u la t in g  average 
v a lu e s  fo r  f iv e  case s tud ie s  w ith  d i f f e r e n t  s o i l  types and 
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F i g .  5 4 .  A 3 0 - d a y  s e q u e n c e  o f  r a i n f a l l  ( a ) ,  s o i l  m o i s t u r e  f r o m  0 - 2 4  
i n c h e s  ( b ) ,  p o t e n t i a l  é v a p o t r a n s p i r a t i o n  ( s o l i d  l i n e )  a n d  
a c t u a l  e v a p o r a t i o n  ( d a s h e d  l i n e )  ( c ) ,  a n d  t h e  f l o w  r a t e  a -  
t h r e e  p o i n t s  i n  t h e  r i v e r  s y s t e m  ( d )  a r e  p r e s e n t e d  i n  t h i s  
f i g u r e  ( t h e  t h r e e  p o i n t s  i n  t h e  r i v e r  s y s t e m  a r e  t h e  s a m e  
t h r e e  p o i n t s  l i s t e d  i n  F i g u r e  3 1 ) .
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P oin t  I I s  the upstream p o in t  ju s t  below the dam, Po in t  2 i s  
loca ted  in the middle o f  the ecosystem while Point 3 i s  the f a r t h e s t  
down stream p o in t  in  th e  ecosystem. The s o i l  m oisture  fo r  0-24 inches 
shows a genera l  d e c re a s in g  trend  from the beginning of s im ula t ion  to 
the end of the s im u la t io n .  The temporal increases  in the  s o i l  m ois ture  
are  a l l  r e l a t e d  to  r a i n f a l l  ev en ts .  The time s e r i e s  o f  the p o te n t ia l  
é v a p o tra n sp i ra t io n  r a t e  shows th a t  i t  i s  sub jec t  to la rg e  day-to-day  
v a r i a t i o n s .  These v a r i a t i o n s  a re  produced by changes in  wind speed, 
a i r  tem perature and cloud cover. A comparison o f  the  p o t e n t i a l  évapo­
t r a n s p i r a t io n  r a t e  ( s o l id  l in e )  to the ac tua l  evapora tion  r a t e  (dashed 
l in e )  shows th a t  the  r a t i o  of the ac tu a l  evapora tion  r a t e  to the p o te n t ia l  
é v a p o tra n s p i ra t io n  r a t e  i s  c lo se  to 1. a t  the  beginning o f  the  time sim ula­
t io n  and d ecreases  to l e s s  than .6 a t  the end o f  the  s im u la t io n .  The 
decrease in  t h i s  r a t i o  i s  caused by the f a i r ly  continuous decrease  in 
the a v a i la b le  s o i l  m o is tu re  fo r  evaporation ( s o i l  m o is tu re  from 0-24 inches), 
The time s e r i e s  o f  the r i v e r  flow r a te  a t  the  th re e  p o in ts  along the 
r iv e r  system show th a t  the flow r a t e  responds d i r e c t l y  to  the r a i n f a l l  
even ts .  The r e s u l t  shows th a t  the  r a in f a l l  events on day #4, day #21, 
and day #25 of the s im u la t io n  caused s ig n i f ic a n t  in c re a se  in the flow
r a t e s  along the r i v e r  system. Some of the s ig n i f i c a n t  f e a tu re s  o f  the
flow r a t e  time s e r i e s  a s so c ia te d  w ith  r a in f a l l  events  a re  th a t
a) peak average  flow r a t e  i s  lagged one day from the r a in  
even t,
b) the flow r a t e  a t  P o in t  1 recedes to the base lev e l  
(8000 CFS) a f t e r  one day while i t  takes  two days 
fo r  t h i s  to occur a t  P o in ts  2 and 3 along the  r iv e r  
system.
c) the flow r a t e  in c re ase s  going from Po in t  1 to  Po in t  3
along the r i v e r  with  the g re a te s t  in c rease  o ccu rr ing  
between P o in t  1 and Po in t  2.
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The r iv e r  flow r a t e s  a t  P o in t  2 and P o in t  3 take longer to  recede 
back to the base flow r a t e  because the  w ater  continues  to flow out 
of the  upstream watersheds fo r  up to f iv e  days a f t e r  the occurrence of 
a r a i n f a l l  even t.  The amount of time t h a t  i t  takes fo r  the runoff from 
a p a r t i c u l a r  ra ins to rm  to flow out o f  a watershed i s  determined by the 
u n i t  hydrograph fo r  the r a i n f a l l  even t.  F igure  54 shows th a t  the peak 
flow r a te  a t  the  th re e  p o in ts  on the r i v e r  occurs a t  the same time. A 
more d e ta i le d  look a t  the d a ta  shows t h a t  the peak flow r a t e  a f t e r  a 
r a i n f a l l  event occurs e a r l i e r  a t  the  upstream po in t  along the r i v e r .
This d e t a i l  in the flow r a t e s  along the r i v e r  does not show up in 
F igure  54 s ince  only d a i ly  average v a lu e s  of the param eters  are shown.
The r e s u l t s  p resen ted  in t h i s  appendix are  determined from a 
computer s im ula t ion  in which the atm ospheric  and the botany models a re  
the only ones th a t  in te r a c te d  w ith  the hydrology model. S p e c i f ic a l ly ,  
the atmospheric model s im ulated  the param eters  which d r iv e  the hydrology 
model, while the botany model in f luenced  the r e s u l t s  through the e f f e c t  
o f  t r a n s p i r a t i o n  w ater  lo ss  by the p l a n t s .  Some o f  the important 
in te r a c t io n  w ith  the  r e s t  o f  the ecosystem no t considered in the 14-year 
s im ula tion  a re  l i s t e d  below:
1) Botany Model - t h i s  model u t i l i z e s  water from the lake 
fo r  i r r i g a t i o n  o f  crop land .
2) Zoology Model - the  model in f lu en ces  the hydrology model 
by e m it t in g  w ater  p o l lu t io n  in to  the r i v e r .
3) Urban Model - the  urban model uses water from the r iv e r  
fo r  m unicipal a:;d i n d u s t r i a l  use and then dumps water 
p o l lu t io n  in to  the r i v e r .  The expansion of the c i ty  
in to  the r u r a l  a re a s  in f lu e n ce s  r a i n f a l l  runoff  and 
evapo ra tion  w ater  lo s s .
The hydrology model cons ide rs  water p o l lu t io n  in a very elementary
manner. The model determ ines the amount of w ater p o l lu t io n  emitted
in to  the r iv e r  and then c a lc u la t e s  the  weight of the w ater  p o l lu t io n
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m a t e r i a l  per cubic  foo t  o f  wate r  in the r i v e r .  The wate r  p o l lu t ion  
m a t e r i a l  is  c a r r i e d  down the r i v e r  withou t  cons id e r in g  any s inks for  
the  p o l lu t i o n  m a t e r i a l .  To a g r e a t  e x t e n t ,  the i n f luence  of the Botany, 
Urban, and Zoology models upon the hydrology model i s  c o n t r o l l e d  by 
the l i n e a r  program water  con t ro l  model. A d e t a i l e d  d i sc u s s io n  of the 
i n f luence  o f  the Botany, Zoology, and Urban models upon the hydrology 
model i s  p resen ted  in the  d e s c r i p t i o n  of the t e s t i n g  procedure run on 
the  water  c o n t r o l  model (Appendix F ) .
The e f f e c t  of drough ts  of  d i f f e r e n t  length upon the evo lu t ion  
o f  the ecosystem i s  an i n t e r e s t i n g  problem t h a t  i s  not  d i r e c t l y  s tudied 
in  t e s t i n g  procedures  performed on the ecosystem model. However, the 
r e s u l t s  of the t e s t i n g  procedure performed on the water c on t ro l  model 
(Appendix F) g ive some i n d i c a t i o n  of  the p o s s ib l e  e f f e c t  of  drought 
upon the ecosystem. I n  a drought  s i t u a t i o n ,  the wate r  supply in the 
lake would dec rease  in response to the increased demand f o r  water  by 
the  consumers ( a g r i c u l t u r e ,  i n d u s t r y ,  and the c i t y ) ,  to the increase 
in  the evapora t ion water  l o s s  from the lake  and to the decrease  in the 
amount of  wa te r  f lowing in to  the lake  as runo f f .  The feedback mechanism 
in  the model l i m i t s  the amount of  wate r  allowed to  flow out  of the lake 
when the lake l e v e l  dec re a ses  below a c e r t a i n  l e v e l .  This  w i l l  r e s u l t  
in  a decrease in  the w a te r  a l l o c a t e d  to the  consumers. Even tua l ly ,  the 
l ake  leve l  would s t a b i l i z e ,  however, the amount of  water  a l l o c a t e d  to 
the consumers would be cons id e rab ly  l e s s  than the amount of water needed 
f o r  t h e i r  normal a c t i v i t y .  The a l l o c a t i o n  of water  w i t h in  the c i t y  
would be f u r t h e r  complicated by the growth of the c i t y  and the consequent 
i nc rease  in water  demand by a l l  of  the consumers. A long term drought 
would cause the growth o f  the c i t y  to be l im i t e d  by the amount of water 
r e sou rc es  a v a i l a b l e .
APPENDIX C
APPENDIX C 
RESULTS FROM THE URBAN MODEL
This appendix p re s e n ts  the r e s u l t s  of the scheme used to  t e s t  the 
Urban Model. The t e s t i n g  scheme demonstrates the  response of the  model 
to  i t s  four  primary d r iv in g  mechanisms which inc lude  boundary movement) 
po p u la t io n  dynamics, i n d u s t r i a l  development and suburb dynamics. The 
e f f e c t s  of these  four fo rc in g  func tions  upon the  model a re  determined 
by a s e r i e s  of ten  16-year computer s im ula t ions  in which the app rop ria te  
c o n t ro l  parameters a re  a l t e r e d  in d iv id u a l ly .  These param eters in fluence  
the  ev o lu t io n  of the  c i t i e s  e x te rn a l  and in t e r n a l  boundaries , the 
geograph ica l  d i s t r i b u t i o n  of the popu la t ion , i n d u s t r i a l  development of 
the  c i t y ,  and the  frequency d i s t r i b u t io n  of the a t t r i b u t e s  a sso c ia ted  
w ith  each suburb. The i n i t i a l  cond it ions  fo r  the  frequency d i s t r i b u t io n  
and param eters used in  the  model are  derived  from the 1960 census data 
fo r  Houston, Texas and a re  presented  in  Tables 20-29. Tables 30-32 
i l l u s t r a t e  the  c o n d i t io n a l  r e l a t io n s h ip s  th a t  a re  used to  choose the 
a t t r i b u t e s  of in d iv id u a ls  in  the suburbs. Table 33 summarizes the  values 
o f  the c o n tro l  param eters  used in th e  ten  s im u la t io n s .  The 10 case 
s tu d ie s  used the frequency d i s t r i b u t io n s  of the middle c la s s  suburb to 
g e n e ra te  the p r o p e r t ie s  of people born in both the poor black and poor 
w hite  suburbs.




Percen t o f  people in  the  d i f f e r e n t  age c a te g o r ie s  f o r  the  four suburbs
in  the  c i t y . ^
Suburbs in  the  c i t y
Age Poor Poor Middle Rural
C a tegories Black tJhite C lass Rich Farm
0-5 15.46 14.48 10.73 13.97 9.9
5-10 12.73 12.97 10.49 15.17 11.0
10-15 9.22 19.47 8.30 9.87 11.6
15-20 6.65 7.49 5.93 5.14 9.4
20-25 ( .9 3 6.29 6.91 .354 4 .3
25-30 7.63 6.51 6.94 6.47 4 .1
30-35 7.86 7.21 8.20 11.13 4.9
35-40 7.23 6.79 8.49 11.11 5.8
40-45 5.86 5.54 7.68 7.99 6.3
45-50 5.25 5.29 6.65 5.61 6.8
50-55 4 .33 4.33 5.97 3.55 6 .2
55-60 3.66 3.68 4.91 2.16 5.6
60-65 2.48 2.85 3.49 1.39 4.6
65-70 2.01 2.42 2.24 .83 3.8
70-75 1.24 1.76 1.46 .61 2.7
75-80 .35 1.06 .88 .32 1.5
80-85 .15 .48 .47 .16 .9
> 85 .10 .22 .19 .08 .5
100% 100% 100% 100% 100%
^The s t a t i s t i c s  p resen ted  in  the  t a b le  are  determined from 1960 census
da ta  f o r  Houston, Texas.
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TABLE 21
Summary of the  i n i t i a l  cond it ions  fo r  s e v e ra l  a t t r i b u t e s  o f  the four 
suburbs in  the  c i t y . l
Su' -I'bs in  the C ity
General



























(per  sq .  m i.)
3732 3040 2439 2018
P opu la tion  
Per Small 
Grid
457 380 304 252
% of VJhite 13.4 87.5 93.8 99.10 89.0
% of Non- 
Vlhite 86.6 12.5 6.2 .90 11.0
100% 100% 100% 100% 100%
% of Male 48.27 49.0 49.13 49.13 51.7
% of Female 51.73 51.0 50.87 50.87 48.3
100% 100% 100% 100% 100%




Percent of people in  the d i f f e r e n t  education  c a te g o r ie s  fo r  the four
suburbs in the c i t y . ^
Education
C ategories









0-School 5 .10 3.74 1.33 .37 2.3
1-4 years 14.65 11.00 4.20 1.21 9 .0
5-7 years 22.84 24.38 12.18 4.48 18.6
8 years 12.37 14.67 10.17 4.77 25.1
HS -  1-3 22.50 23.92 22.33 13.51 15.5
4 years 14.32 15.43 26.95 28.0 20.6
C ollege 1-3 5 .15 4.56 12.96 21.91 6.1
4 or more 3 .11 2.26 9.84 25.71 2.8
100% 100% 100% 100% 100%
The data  p resen ted  i n  t h i s  t a b l e  a re  determined from the 1950 census 
d a ta  for Houston, Texas.
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TABLE 23
P e rce n t  of people in  the d i f f e r e n t  fam ily  income ca tegories  fo r  the  four
suburbs in  the c i t y . l
Suburbs in  th e  City
Family 
Income 










$1000. < 13.03 4.93 3.27 2.05 19.0
1000.-1999. 16.81 8.22 4.36 1.79 17.3
2000.-2999. 19.05 10.35 5.51 2.66 14.4
3000.-3999. 17.79 13.19 8.0 3.36 12.0
4000.-4999. 13.43 14.94 10.24 4.97 9.7
5000.-5999. 7.38 14.42 12.88 7.76 7.7
6000.-6999. 4.76 11.03 12.96 9.89 5.4
7000.-7999. 3.17 7.21 11.82 9.45 3.7
8000.-8999. 1.57 5.04 8.68 9.15 2.7
9000.-9999. 1.15 4.09 5.73 7.78 1.9
10000.-14999. 1.56 5.29 12.77 21.91 4 .2
15000.-24999. .16 .91 3.15 10.43 1.3
< 25000 .06 .32 .58 8.74 .5
100% 100% 100% 100% 100%
^The d a ta  p resen ted  in  t h i s  ta b le  a re determined from the 1960 census data
fo r  Houston, Texas.
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TABLE 24
Percent of people in  the d i f f e r e n t  occupation c a teg o rie s  fo r  the four
suburbs in  the  c i t y . l
Occupation
C ategories









P ro fe s s io n a l 2.07 1.66 5.64 9.06 1.36
M anagerial 1.01 2.00 4 .44 7.22 .88
C le r i c a l 1.83 5.36 11.35 8.47 1.58
Sales .48 2.11 4 .84 5.27 .84
C ra f t 2.30 7.12 6.87 4.03 2.02
Operators 7.63 10.10 5 .43 2.55 3.85
P r iv a te  Household 7.20 1.39 .69 .45 .66
Serv ice  Workers 9.45 4 .21 3.78 1,38 1.08
Labor 6.70 3.56 1.59 .37 .38
Not-Employable 61.7 62.5 55 .4 61.2 63.0
Farmers 0 0 0 0 15.25
Farm Labor 0 0 0 0 5.31
100% 1007. 100% 100% 100%
data  fo r  Houston, Texas.
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TABLE 25
The number of housing u n i ts  and percent of housing u n i t s  in the  d i f f e r e n t  
c a te g o r ie s  i s  p resen ted  fo r  the four suburbs in  the  c i t y . l








No. of Housing U nits 66,381 63,764 150,000 87,374
7o of Underemployed 
Housing Units 59.37 70.35 35.74 11.50
7o of Worker 
Housing Units 37,59 27.91 54.65 59.51
7o of Q ua lity  
Housing Units 1.67 .93 8.76 29.10
100% 100% 100% 100%
The da ta  p resented  in  the t a b le  are determined from the 1960 census 
data  fo r  Houston, Texas.
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TABLE 26
P ercen t of people in  the  d i f f e r e n t  h e a l th  c a te g o r ie s  fo r  the  four
suburbs in  the  c i t y .
H ealth  C ategories  
(M o rta l i ty  Rate 









0-5 1 .0 1.0 0 5.0 1.0
5-6 4 .0 4 .0 2.5 10.0 4 .0
6-7 10.0 10.0 25.0 40.0 10.0
7-8 15.0 15,0 50,0 30.0 15.0
8-9 50.0 50.0 20,0 10,0 50.0
>10 20.0 20.0 2,5 5.0 20.0
100% 1007, 100% 1007. 100%
TABLE 27
The t o t a l  number of i n d u s t r i e s  in  the d i f f e r e n t  c a te g o r ie s  and the number 
of jobs in the  d i f f e r e n t  occupation c a te g o r ie s  i s  p resen ted  in  t h i s  t a b le .
New






I n d u s t r ie s 15,000 10,000 5,000 30,000
Number of M anagerial 
and P ro fe s s io n a l  Jobs 75,000^^ 3/30,000= 5,000^/ 120,000
Number of 
Worker Jobs 1 9 5 ,0 0 0 ^ / 1 0 0 ,0 0 0 ^ / 35,000^/ 330,000
Number of 
Underemployed Jobs 120,000^/ 60,000^/ 20O,00cA^ 200,000
—^ This symbol i n d ic a te s  the number of jobs  in  an occupationa l category 
th a t  a p a r t i c u l a r  type  of industry  w i l l  employ.
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TABLE 28
Five yea r  m o r ta l i ty  r a te s ^  fo r  the  four  suburbs in the c i t y .
Poor Poor Middle Rural
ASi Black White C lass Rich Farm
0-5 .027 .026 .025 .024 .026
5-8 .006 .005 .004 .003 .005
10-14 .003 .003 .002 .002 .003
15-19 .003 .003 .003 .003 .003
20-24 .008 .007 .006 .005 .007
25-29 .006 .006 .006 .006 .006
30-34 .008 .008 .007 .007 .008
35-39 .011 .011 .010 .009 .011
40-44 .015 .015 .014 .014 .015
45-49 .025 .024 .023 .023 .024
50-54 .037 .037 .036 .035 .037
55-59 .058 .057 .055 .052 .057
60-64 .085 .084 .081 .080 .084
65-69 .128 .126 .121 .120 .126
70-74 .179 .178 .174 .170 .178
75-79 .250 .249 .246 .245 .249
80-84 .360 .360 .355 .350 .360
85 - .400 .400 .395 .394 .400
^The f iv e  year  m o r ta l i ty  r a t e  i s  f r a c t io n  of people in  each age ca tegory  tha t  
w i l l  d ie  in  a f iv e  year pe riod , da ta  determined from the 1960 census d a t a.
TABLE 29











o f  People Born 
1000 Popula tion 31.5 27.1 22.7 22.7 24.0
No. of People t h a t  Die 
per 1000 Popula tion 9.9 9.8 9.4 9 .3 9 .6
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TABLE 30
Percent o f  people in  the  d i f f e r e n t  occupation c a te g o r ie s  as a func t ion
of t h e i r  sex and annual income.
Male Income Female Income
Occupation 0-5000 5000-10000 >10000 0-5000 5000-10000 >10000
1 ,P ro fe s s io n a l 6.59 14.51 30.18 11.36 43.23 32.22
2 .M anagerial 6.96 13.30 39.13 2.95 10.11 34.93
3 .C le r i c a l 8.4 8.52 2.50 32.07 31.87 12.99
4 . Sales 7.52 7.14 12.31 8.27 2.78 8.68
5 . C ra f t 17.29 29.10 10.13 1.26 2.04 1.64
6 , O pera tors 28.98 20.59 3.53 19.06 6.44 2.42
7 . P r iv a te  House .29 .01 .01 9.01 .23 .65
8 . Serv ice Workers 10.49 3.47 .96 15.37 3.05 5.26
9 . Laborers 13.45 3.33 .59 6.20 .21 .15
^ a t a  determined from the  1960 U.S. Census d a ta .  Occupation 1 and 2 comprise 
the  p ro fe ss io n a l-m an ag e r ia l  ca tegory , occupations 3-6 comprise the worker 
ca tego ry , while  7-9 comprise the  underemployed ca tegory .
TABLE 31
Percen t of people in each age and sex ca tegory  th a t  a re  members of 
the  working fo rc e .^
Rural Farm Urban
Age Male Female Male Female
14-17 31.5 10.3 26.8 15.5
18-24 81.6 35.0 79.3 48.7
25-34 95.7 25.5 95.4 37.7
35-44 96.3 29.4 96.3 45.2
45-64 91.5 25.3 90.1 45.0
65 49.7 7.6 30.4 11.3
^Data determined from the  1960 U.S. Census d a t a .
TABLE 32
Percent of people in different income categories as a function of their educational level and age category.
Under 25 Years Old 
( E d u c a t i o n )
25-64 Years Old 
( E d u c a t i o n )
> 65 Years Old 























4 HS > 
to 3C 4C
0 - 1000 1 0 .8 5.0 2 .6 2.7 6 .2 2 .0 1.4 .7 1 2 .8 6 .6 5.9 3.7
1000- 1999 16.3 1 0 .0 6.5 5.3 8 .0 2.9 1 .8 1 .0 25.3 15.7 13.7 6 .0
2000- 2999 19.8 16.2 1 2 ,0 1 0 .1 1 0 .2 5.2 3.5 1.4 18.6 16.9 14.5 7.9
3000- 3999 18.5 19.1 16.8 14.2 1 2 .1 8.7 6 .6 2.5 11.5 13.3 1 2 .0 8 .0
4000- 4999 14.5 17.6 18.7 16.8 13.5 12.3 10.5 4.6 8 .2 10.3 9.9 8.3
5000- 5999 9.4 13.5 16.8 16.2 13.5 15.9 15.4 7.5 6 .2 8.5 8.4 7.9
6000- 6999 4.8 8 .2 11.4 12.7 10.3 13.9 14.8 9.5 4.6 6 .6 7.0 6.7
7000- 7999 3.0 6 .0 7.0 8 .0 9.0 14.0 15.0 15.0 3.0 6.5 6 .0 7.0
8000- 8999 1 .0 1 .8 4.0 5.0 5.0 6 .0 7.0 7.0 2.4 3.0 5.0 5.0
9000- 9999 .8 1 .0 3.0 3.6 3.1 5.0 6 .1 6 .2 2 .0 2.5 3.3 4.1
10000-14999 .9 1.3 1 .8 4.2 7.2 1 1 ,0 13.3 25.2 3.9 6.5 8 .8 15.6
15000-24999 .08 .16 .24 .8 1 .2 2.5 3.2 15.0 1 .2 3.2 5.0 15.0
225,000 .0 2 .04 .06 .3 .7 .7 1.3 4.3 .5 1 .0 1.5 4.8
100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
^Data determined from the 1960 U. S. Census (HS = high school, C = college , 4C = four ;years of
IvJN>
VO
c o l l e g e  c o m p l e t e d ) .
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TABLE 33
T his ta b le  p re sen ts  th e  c o n tro l  p a ra n e te r  v a lu e s  used in  th e  10 u rban  model case  s tu d ie s .^





Case S tu d ie s
Pop u la tio n  
Dynamics 
Case S tu d ies
Suburb
Dynamics
In d u stry
Develonment
PARAMETERS f l n  #3 #4 45 46 4 7  48 49 410
C r i t i c a l  Boundary S tre s s 5000 25000
Boundary S t r e s s  Eqn. (Eqn.38)
a) Race F a c to r  (C)
b) P o p u la tio n  F ac to r (B)





L iv a b i l i ty  (Eqn. 51(b))
a) P o p u la tio n  F ac to r (L4)
b) A ir P o l lu t io n  F a c to r  (LI)
c) Race F a c to r  (L3)






G rad ien t o f L iv a b i l i ty  (Eqn. 5 1 (c ))
a) P o p u la tio n  F ac to r (?%)
b )  A ir P o l lu t io n  F ac to r (P^)
c) Race F a c to r  (P4 )







Suburb L iv a b i l i ty  (Eqn. 54)
a) P o p u la tio n  R actor (R%)
b) A ir P o l lu tio n  F ac to r (R2 )





X of B lacks Moving to  Kew 
Suburbs (PR) 100
X of People Moving by 
D iscon tinuous Movement (P) 80% 5%
In d u stry  Model (Rate Param eters)
a) Growth of New 
I n d u s tr ie s  (Hj)
b )  D ecline  o f Kew 
In d u s tr ie s  (H^)
c )  D ecline  o f  Mature 
In d u s tr ie s  (Qj)
d )  Death o f Old 






The c o n tro l  p a ra n e te r  v a lu e s  fo r case  s tu d ie s  2-10 a re  on ly  in d ic a te d  uhen th e  v a lu e s  a re  
d i f f e r e n t  from  the v a lu e s  in  the  c o n tro l  case  s tu d y . The eq u a tio n  numbers and th e  symbols next
to  c o n tro l  param eter r e f e r  to  th o se  used in  the main te x t  d e s c r ip t io n  o f the urban m odel. - 1 ,- 2 ,
-3 , -4  a f t e r  a  param eter v a lu e  r e f e r  to  the param eter v a lu e  f o r  suburb 1 , 2, 3 , and 4 ,
T able 33 con tinued
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n n  #3 ÿA #5 }?6 #7 # 8  ?9 îflO
Suburb Dynar.,ics ^ ^
a) Q u a lity  Housing 







b) Q u a lity  Housing 




















































g) Underemployed to 










h) Worker to  
P ro fe s s io n a l  










boundary movement. Cases #4, #5 and #6 study the  population  dynamics. 
Cases #7 and ■'■■8 looked a t  suburb dynamics, while cases #9 and #10 study 
th e  e f f e c t  of i n d u s t r i a l  development. The r e s u l t s  fo r  the  c o n tro l  case 
s tudy  (case #1) are  presen ted  in  a f a i r l y  d e ta i le d  manner, w hile  the 
r e s u l t s  from the  o ther  case  s tu d ie s  a re  compared with these  r e s u l t s .
New f ig u re s  a re  only p resen ted  when the r e s u l t s  of the  d i f f e r e n t  case 
s tu d i e s  a re  s ig n i f i c a n t l y  d i f f e r e n t  from the r e s u l t s  of the c o n tro l  case 
s tudy .
The i n i t i a l  c i t y  and suburb boundary c o n fig u ra t io n  and popula tion  
d e n s i ty  fo r  the  c o n tro l  case  study (case #1) are p resented  in  F igure 55. 
These a re  the same i n i t i a l  c o n d it io n s  used for th e  o th e r  case s tu d ie s .
The most im portant f e a tu re  to  note  in  F igure  55 i s  t h a t  suburbs #1 and
#2 have much h igher  popu la t ion  d e n s i ty  than suburbs #3 and #4. F igure  56 
shows the change in  the t o t a l  suburb populations with  evo lu t ion  of 
model. The d iscon tinuous  changes in  the suburb popu la t ion  every f ive  
y ea rs  i s  caused by the f a c t  t h a t  every f i f t h  year th e  model ages the people 
f i v e  y e a rs ,  a llows the p o p u la t io n  to  d ie  as a fu n c t io n  of the su rv iv a l  
r a t e  and then adds the people  born during  the l a s t  f iv e  years  to  the 
t o t a l  p opu la t ion  of the p a r t i c u l a r  suburb. I t  i s  i n t e r e s t i n g  to  note th a t  
th e  popu la tion  of suburbs #1 and #2 decrease  in the f iv e -y e a r  periods 
t h a t  precede each f iv e -y e a r  update of the  suburb popula tion . This 
dec rease  i s  caused by the movement of people from suburbs #1 and #2
i n to  the o th e r  two suburbs which have b e t t e r  l i v a b i l i t y  cond it ions .
The g r e a t e s t  in c re a se  in  the suburb population i s  observed in 
suburb #4 and can be a t t r i b u t e d  to  the  f a c t  that suburb #4 had the  b es t  
l i v a b i l i t y  c o n d it io n s .  F igu re  57 shows the  contoured population  f ie ld
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m i l e s
S u b u r b  N u m b e r s
1 .  P o o r  B l a c k
2 .  P o o r  W h i t - j
3. Middle Cla:
4 .  R i c h
P o p .  =  4 5 7
P o p .  =  2 5 2
P o p .  =  3 8 0  _ _ _ _ _
m i l e s
P o p . = P o p u l a t i o r .  
p e r  s m a l l  
c i t y  b l o c k
P o p .  =  3 2 4
F i g .  5 5 .  T h e  i n i t i a l  c i t y  a n d  s u b u r b  b o u n d a r y  f i e l d  a n d  t h e  i n i t i a l  
p o p u l a t i o n  o f  t h e  s m a l l  c i t y  b l o c k s  a r e  p r e s e n t e d  i n  t h i s  
f i g u r e .  T h e  p a r t i c u l a r  c o n f i g u r a t i o n  o f  t h e  c i t y  b o u n d a r i e s  
a n d  p o p u l a t i o n  d e n s i t i e s  a r e  s e t  u p  t o  a p p r o x i m a t e  t h e  c o n d i ­
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(number of people per small c i t y  block)
(b)
BOUNDARY FIELD
F ig .  57. The contoured popu la t ion  f i e l d  (a) and the c i t y  and
suburb boundary f i e l d  (b) fo r  the l a s t  time step
(16 years)  in case #1 a re  i l l u s t r a t e d  in t h i s  f ig u re ,
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and the c i t y  and suburb boundary f i e l d  a t  the  end of the time s im u la t io n .  
The r e s u l t s  in d ic a te  th a t  the c i t y  expanded in  a rea  with a l l  of  the 
suburbs increas ing  in  s i z e .  VJhile a l l  suburbs expanded in to  the  r u r a l  
a re a s ,  suburb #1 and #2 a lso  expanded in to  the center of the c i t y  a t  the  
expense of suburb #3. Population s t r e s s  ac ross  the boundaries i s  the  
param eter p r im ari ly  respons ib le  fo r  the  expansion of the c i t y  in to  the 
r u r a l  a rea  and the expansion of suburb #1 in to  suburb #2 in to  the c e n te r  
o f  the  c i t y .  The most s ig n i f i c a n t  changes in  the  boundary c o n f ig u ra t io n  
occurred during the  f i r s t  10 years  of the  sim ulation . The popula tion  
f i e l d  shows th a t  the  people moved in to  the  r u r a l  area as the  c i t y  
expanded. A comparison of the i n i t i a l  and f i n a l  population d en s ity  
( o r ig in a l  c i ty  boundaries) shows th a t  the  population d e n s i ty  of suburbs #1 
and #2 decreases while the population  d e n s i ty  of suburbs #3 and #4 
in c r e a s e s .  The decrease  in the  p opu la t ion  d en s ity  of suburbs #1 and :-‘2 
i s  caused by the rap id  increase  in  the  s iz e  of the suburbs, while  the  
p o p u la t io n  d en s ity  in suburbs #3 and #4 i s  increased because of the 
immigration of people from suburbs #1 and #2 and the f a c t  th a t  these 
suburbs did not expand in to  the r u r a l  a reas  as f a s t  as lo c a l  popu lation  
in c re a s e d .  The immigration of people from suburbs #1 and (-2 i s  prompted 
by the  more favorab le  l iv in g  co n d it io n s  in  suburbs #3 and #4.
The most important e f f e c t  of the 16-year evolution upon the  
popu la t ion  f ie ld  i s  th a t  the s trong  popu la tion  g rad ien ts  found in the 
i n t i t a l  s t a t e  of tl model are  d i f fu se d  to  such an ex ten t t h a t  the 
popu la t ion  dens ity  :a the c i t y  i s  f a i r l y  uniform. The predominate 
f e a tu re s  of the population  f i e ld  are  the  s trong  population g rad ie n ts  
th a t  e x i s t  a t  the ou ter  edges of the c i t y  and the gradual popu la tion
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d e n s i ty  decrease t h a t  i s  observed going west from suburb #3 in to  
suburb #4.
Fig. 58 p re s e n ts  the  i n i t i a l  (dashed l in e )  and f i n a l  ( so l id  
l in e )  race d i s t r i b u t io n s  f o r  the four suburbs. At the  end o f  the 16- 
year s im ula tion , the percen tage  of the non-white population  o f  suburb 
#1 decreased , w hile  the  percen tage  of non-white population  increased  in  
the o th e r  three suburbs, w i th  the g r e a t e s t  inc rease  occurr ing  in  suburb 
#2 and suburb #4. The decrease  in  the percentage  of non population  
in  suburb #1 is  caused by the  movement of r i c h  non-white people in to  
the o th e r  suburbs and the slow movement by d i f f u s io n  of w hite  people 
from suburb #2 in to  suburb #1. This movement o f  people from suburb #2 
in to  suburb #1 occurs  in the  l a s t  8 years  of th e  s im u la t ion , a f t e r  the 
l i v a b i l i t y  o f  the  suburb #1 has improved because of the decrease  in  the 
popu la tion  d e n s i ty  (see F ig .  57). The increase  in the  non-white 
popu la tion  in  suburb #2 i s  caused by movement by d i f f u s io n  of middle- 
c la s s  black popu la t ion  in suburb #1 in to  suburb #2. The inc rease  in  the 
black population in  suburbs #3 and #4 is  caused by d iscon tinuous  move­
ment of the very r i c h  non-white population  from suburb #1 in to  these 
suburbs. As people move from one suburb to a no the r ,  they take  with them 
a t t r i b u t e s  s e le c te d  from the  frequency d i s t r i b u t i o n  of a t t r i b u t e s  asso­
c ia te d  with the suburb they a re  moving from. This s e le c t io n  process 
promotes the in te g r a t io n  o f  the  c i t y  s ince  the race  a t t r i b u t e  of the 
people moving away from the  poor l i v a b i l i t y  c o n d it io n s  in suburb #1 i s  
s e le c te d  from a frequency d i s t r i b u t i o n  in  which over 80% of the  people 
a re  non-white. The poor l i v a b i l i t y  cond it ions  in  suburb #1 i s  the f a c to r  
which i n i t i a t e s  the movement of people out of t h i s  suburb and thus pro­
motes the r a c i a l  i n t e g r a t io n  of the c i t y .  The ne t  e f f e c t  a t  the end of 










































4 41 2 3
W w
RACE
W = White 
hW = Non-White
Fig.  58. I n i t i a l  (dashed l ine)  and f in a l  ( so l id  l ine) race frequency
d is tr ibut io n  for suburb #1 (a ) ,  suburb i'fl (b),  suburb -3
( c ) ,  and suburb #4 (d) are given for case study #1.
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to r a c i a l  d i s t r i b u t i o n s  in the suburbs.
The i n i t i a l  (dashed l in e )  and f in a l  ( so l id  l in e )  occupation  f r e ­
quency d i s t r i b u t i o n s  f o r  the fou r  suburbs a re  presen ted  in F ig .  59. The 
r e s u l t s  show th a t  in  a l l  of the suburbs the r e l a t i v e  frequency o f  the  
h ig h er  occupationa l l e v e l s  increase  s ig n i f ic a n t ly .  This i s  produced 
because the occupation  submodel assumed th a t  47= per  year o f  the  people 
in  the under-employed category a re  upgraded to  the worker ca tegory  
w hile  37o o f  the people in  the worker category are upgraded to  the  m anageria l-  
p ro fe s s io n a l  ca tegory . The above assumptions are only v a l id  i f  money 
fo r  the  job t r a in in g  programs i s  a v a ilab le  and i f  th e re  i s  an in c rease  
in  the  number of jobs in  the worker and m an a g e r ia l-p ro fe ss io n a l  occupa­
t io n  c a te g o r ie s .  In  r e a l i t y ,  the  money fo r  the  education programs i s  
no t a v a i l a b le  and the jobs  do n o t  e x i s t .  This case study i s  designed to 
dem onstrate the  in f lu e n c e  o f  a job t r a in in g  program upon a c i t y  th a t  has 
a growing job market in  the worker and m an ag e r ia l-p ro fe ss io n a l  c a te g o r ie s .  
When people a re  upgraded to a h igher  occupational l e v e l ,  t h e i r  fam ily 
income could be genera ted  by an increase  in  i n d u s t r i a l  a c t i v i t y .  A com­
p le t e  ecosystem model o f  an u rb a n - ru ra l  ecosystem re q u i r e s  a d e ta i le d  
economic model th a t  i s  capable o f  handling the monetary problems a sso ­
c ia te d  with  the  i n d u s t r i a l  growth and the u t i l i z a t i o n  o f  c a p i t a l  for
p r o je c t s  such as job t r a in in g  programs. The e f f e c t  of in c reas in g  the 
number of people in h ig h er  occupationa l le v e ls  upon the  i n i t i a l  (dashed 
l in e )  and f i n a l  ( so l id  l in e )  family income and educational l e v e l  frequency
d i s t r i b u t i o n  i s  shown in  F igs .  60 and 61. The r e s u l t s  show th a t  fo r  a l l
o f  the suburbs the r e l a t i v e  frequency of h ig h e r  income and h ig h e r  educa­
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I n i t i a l  (dashed l ino)  and f i n a l  ( s o l i d  l in e )  occupat ion 
d i s t r i b u t i o n  f o r  suburb #1 ( a ) ,  suburb #2 (b ) ,  suburb 
#3 ( c ) , and suburb #4 (d) are  i l l u s t r a t e d  for  case 





















1 2 3 4 5 6 7 8 9 10 11 12 13
FAKILY IKCO’E (annual)
1 1000 6 5000-5999
2 1000-1999 7 6000-6999 11 10000-14999
3 2000-2999 8 7000-7999 12 15000-24999
4 3000-3999 9 8000-8999 13 25000
5 4000-4999 10 9000-9999
Fig.  60. I n i t i a l  (dashed l ine )  and f i n a l  ( so l id  l in e )  family income
d i s t r i b u t i o n  fo r  suburb #I ( a ) ,  suburb 42 (b ) , suburb -'-3 (c) ,  
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1 2 3 4 5 6 7 9 10 11 12 13 14 15 16
EDUCATIONAL LEVEL (years  of school completed)
1-2 0 School 9-10 1-3 High School
3-'- 1-4 Grade 11-12 4 High School
5- 5-7 Grade 13-14 1-3 College
7 -t  8 Grade 15-16 4 College
F ig .  61. I n i t i a l  (dashed l in e )  and F ina l  ( so l id  l in e )  education 
frequency d i s t r i b u t i o n  fo r  suburb i,-l ( a ) ,  suburb #2 (b ) ,  
suburb #3 ( c ) , and suburb #4 (d) are  p resen ted  fo r  
case s tudy  #1.
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fo r  suburbs #3 and #4 show th a t  the fam ily income in the  $10,000 to 
$15,000 ca tegory  inc reases  much more r a p id ly  than the fam ily income in  
t h i s  ca tegory  f o r  suburbs #1 and #2. This i s  caused by the movement o f  
h igh  income f a m i l ie s  from suburbs #1 and #2 in to  suburbs #3 and #4.
Fig. 62 i l l u s t r a t e s  the  i n i t i a l  and f i n a l  housing frequency 
d i s t r i b u t i o n s  f o r  the d i f f e r e n c  suburbs. A comparison o f  the i n i t i a l  
and f i n a l  frequency d i s t r i b u t i o n  fo r  suburbs #1 and #2 show th a t  th e re  
i s  a s ig n i f i c a n t  increase  in  the  r e l a t i v e  frequency of the underemployed 
housing. This i s  caused by a f a i r l y  h igh c o n s tru c t io n  r a t e  for new 
underemployed housing and a high t r a n s f e r  r a t e  o f  worker housing in to  
underemployed housing. This t r a n s f e r  r a t e  can be considered as an 
again  p rocess  in  which houses d e t e r io r a t e  w ith  age and thereby lo se  
va lue .  The housing d i s t r i b u t i o n  fo r  suburb #3 shows th a t  there is  a 
s ig n i f i c a n t  in c re ase  in the  percen tage  of worker housing. This is  a t t r i ­
buted to  a f a i r l y  low t r a n s f e r  r a t e  of worker to underemployed housing .
The use of a lower t r a n s f e r  r a t e  o f  worker to underemployed housing in  
suburb #3 than in  suburbs i-1 and #2 s im u la te s  the s i t u a t i o n  in which a 
m id d le -c la ss  neighborhood would take b e t t e r  care  of i t s  houses than the  
lower income l e v e l  neighborhood. A comparison of the i n i t i a l  and f i n a l  
housing d i s t r i b u t i o n  fo r  suburb #4 showed th a t  th e re  i s  an increase  in  
the percentage  o f  the  worker housing and a f a i r l y  sharp decrease in the  
percentage  of q u a l i ty  housing. This decrease  in the  percentage of q u a l i t y  
housing r e s u l te d  from a h igher  t r a n s f e r  r a t e  from q u a l i ty  housing to  
worker housing in  suburb #4 than in  suburb #3. The inc rease  in the 
percentage  of the  worker housing  in  suburb #4 is  produced by the h igher  
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HOUSING HOUSING
1-3 Underemployed Housing 
4-6 Worker Housing 
7-9 Q uality  Housing
F ig .  62. I n i t i a l  (dashed l in e )  and f in a l  ( s o l id  l in e )  housing frequency 
d i s t r i b u t i o n s  fo r  suburb #1 ( a ) ,  suburb ( b ) ,  suburb -'-3 ( c ) ,
and suburb #4 (d) a re  shown fo r  case  study #1.
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the t r a n s f e r  r a t e  from worker housing to underemployed housing i s  f a i r l y  
low in  comparison to  the  new construc tion  r a t e  fo r  worker housing . A 
comparison o f  the  i n i t i a l  and f i n a l  percentage of a re a  occupied by 
housing u n i t s  show t h a t  in  suburbs #1 and #2 the re  is  a decrease in 
the percen tage  o f  a re a  occupied, while in  suburbs #3 and #4 th e re  i s  a 
sharp in c rease  in  th e  percen tage  of area occupied by housing u n i t s .
The decrease  in suburbs #1 and #2 i s  caused by the f a c t  t h a t  these  
suburbs in c re ase  in  a re a  much more rapidly  than  the growth o f  new hous­
ing f a c i l i t i e s ,  w hile  the  inc rease  in the percen tage  a re a  occupied 
by housing u n i t s  in  suburbs i-3 and #4 occurs because the number o f  hous­
ing f a c i l i t i e s  in c reased  more ra p id ly  than the  a re a  occupied by the  
suburbs.
Boundary Movement 
Case s tu d ie s  #2 and #3 are  designed to  demonstrate the  e f f e c t  of 
the boundary movement mechanisms upon the e v o lu t io n  of the urban model.
In p a r t i c u l a r ,  case  #2 dem onstrates  the in f lu en ce  o f  the c r i t i c a l  boundary 
s t r e s s  param eters ,  w hile  case  #3 demonstrates th e  e f f e c t  of the race  
f a c to r  in  the boundary s t r e s s  equation. S p e c i f ic a l ly  f o r  case i"'2, the  
c r i t i c a l  boundary s t r e s s  v a lues  a re  increased to  such a le v e l  t h a t  the  
c i ty  boundaries  a re  not allowed to  expand during the time s im u la t io n .
The model is  s e t  up so t h a t  the  c r i t i c a l  boundary s t r e s s  va lues  between 
the c i t y  and r u r a l  a re a s  roust be exceeded before  the c i t y  can expand 
in to  the  r u r a l  a r e a s .  The boundary configu ra tion  and contoured popu la tion  
f i e l d  a t  the end of the 16 years  of evolution f o r  case #2 are  p resen ted  
in Fig. 63. The c i t y  boundaries did not change from the i n i t i a l  co n d it io n ,  
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Fig. 63. The contoured population f ie ld  (a) and the c i ty  and
suburb boundary f i e l d  (b) for the last  time stop in
case study #2 are shown in this  f igure.
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Suburb #1 and #2 expanded in  a re a  by 11% and 77, r e s p e c t iv e ly  w hile  
suburbs #3 and #4 decreased  in  a rea  by 27, and 57, r e s p e c t iv e ly .  Suburbs 
irl and #2 took on new area  because of the  very poor l i v a b i l i t y  con­
d i t i o n s  th a t  i n i t i a l l y  e x is te d  in  these  suburbs. A comparison o f  the 
suburb boundaries in the  c e n te r  of the  c i t y  a rea  with the suburb boun­
d a r i e s  in the same reg ion  f o r  case study #1 shows very l i t t l e  d i f f e r e n c e ;  
however, a comparison of the  popu la tion  f i e l d  fo r  case  study #1 and #2 
in d ic a te s  a s ig n i f i c a n t  d i f f e r e n c e .  The most s t r i k in g  f e a tu re  i s  th a t  
the  population  d e n s i t i e s  fo r  a l l  suburbs are  g re a te r  in  case study #2.
This would be expected s ince  the o v e ra l l  a rea  of the c i t y  i s  not expand­
ing during  the 16-year s im u la t io n ,  A comparison o f  the po p u la t io n  den­
s i t y  betifeen the d i f f e r e n t  suburbs fo r  case  #2 shows th a t  suburb #1 and 
#2 have h igher  popu la tion  d e n s i t i e s ,  however, the d i f fe re n c e  between 
the  popula tion  d e n s i ty  in suburbs #1 and #2 and the popu la tion  d e n s i ty  
in  suburbs #3 and #4 d ec reases  s ig n i f i c a n t l y  from the d i f f e re n c e  ob­
served a t  the beginning of the  time s im u la t ion . Stopping the  c i t y  
growth in to  the r u r a l  a rea  has  l i t t l e  e f f e c t  upon the  education  d i s t r i ­
bu t io n ,  income d i s t r i b u t i o n ,  occupation d i s t r i b u t i o n ,  and the  housing 
d i s t r i b u t io n  fo r  the suburbs; however, i t  d id  in fluence  the r a c e  d i s t r i ­
bu tions  fo r  the  two case s tu d i e s .  The r e s u l t s  fo r  suburb -rl show th a t  
the  percentage  of the non-white popu la t ion  dec reases  more ra p id ly  in  case 
v2. This decrease a s so c ia te d  w ith  a more rap id  increase  in  the  percen tage  
of non-white population  in suburbs #2, #3 and #4, The ne t  e f f e c t  i s  to 
cause the c i ty  to become more r a c i a l l y  in te g ra te d .  This occurred because 
the  number of people moving w i th in  the c i t y  i s  g re a te r  than in case  irl. The
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in crease  in movement w i th in  the c i t y  i s  prompted by the lower le v e l  
l i v a b i l i t y  which occurred in  case #2 because the population  d e n s i ty  i s  
. uch g r e a t e r .  The pe rcen tage  of land occupied by housing u n i ts  in  the 
d i f f e r e n t  suburbs in c re a s e s  s i g n i f i c a n t l y  fo r  case  #2 s ince  the area 
occupied by the  suburbs i s  sm a l le r  than i s  case study #1.
Case #3 i s  organized to  dem onstrate  the e f f e c t  of the  race  fa c to r  
in  the  boundary s t r e s s  equa tion  (Equation 38 of the main te x t )  upon the 
e v o lu t io n  of the  model. S p e c i f i c a l l y ,  in  t h i s  c a se ,  the race  parameters 
"C" ("C" r e f e r s  to  th e  race  param eter used in  Equation 38 of the main te x t )  
i s  increased  from 40 to  90 (see  Table 3 3 ) .  In c reas in g  the race  parameter 
causes the  boundary s t r e s s  between two suburbs t o  be increased  when 
the percentage  o f  non-white p o p u la t io n  in  one of the suburbs i s  
s ig n i f i c a n t l y  d i f f e r e n t  from the percen tage  in  th e  o th e r  suburb. F igure  64 
shows the contoured p o p u la t io n  and boundaries f o r  the end of the 16-year 
period  in case s tudy  #3. A comparison of boundaries fo r  case #1 with 
the boundaries f o r  case  #3 shows t h a t  the most s ig n i f i c a n t  d i f f e re n c e  
between them i s  th a t  the  a re a  c losed  w ith in  the boundary of suburb #1 
i s  c ons ide rab ly  l a r g e r  fo r  case  s tudy  #3. The a re a  enclosed w ith in  
boundary of suburb #1 increased  957. in  case #3 w h ile  the a rea  only 
increased  747. f o r  case  s tudy  #1. The inc rease  i n  area  fo r  suburb #2 
i s  lower fo r  c a se  #3, w hile  suburbs #3 and #4 a re  not in fluenced  by the 
change in the r a c e  p a ram ete r .  These r e s u l t s  could be expected s ince  the 
in c re ase  in  the  race  param eter in  th e  boundary s t r e s s  equation  caused 
the boundary s t r e s s  a long th e  boundary of suburb #1 to  in c re ase  because 
of the  la rg e  non-w hite  po p u la t io n  i n  t h i s  suburb. The in c re ase  in  the 
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BOUNDARY FIELD
F ig .  64. The contoured po p u la t io n  f i e l d  (a) and c i t y  and suburb
boundary f i e l d  (b) fo r  t h e  l a s t  time s tep  in case  #3
a re  p re se n ted .
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because the c r i t i c a l  boundary s t r e s s  req u ired  fo r  i t s  movement is  
exceeded more o f te n .  The s ig n i f i c a n t  d i f f e r e n c e  between the contoured 
popula tion  f i e l d s  fo r  case #1 and case #3 i s  th a t  the  population  
d e n s i ty  in  suburb #1 i s  s i g n i f i c a n t l y  lower f o r  the l a t t e r .  In  f a c t ,  
the popu la t ion  d e n s i ty  fo r  suburb #1 is  lower than fo r  suburbs #2 and 
#3, w hile  in  ca se  #1 the population  d e n s i ty  i s  g re a te r  in  suburb #1,
The decrease  in  popu la t ion  d en s ity  o f  the  suburb #1 i s  p r im ari ly  
a t t r i b u t e d  to the  in c re ase  in  the a rea  o f  the  suburb.
Modifying the  race param eter does no t s i g n i f i c a n t l y  a f f e c t  the 
frequency d i s t r i b u t i o n s  fo r  the a t t r i b u t e s  o f  the people  in the d i f f e r e n t  
suburbs. The most n o t ic e a b le  e f fe c t  i s  t h a t  the re  i s  a s l ig h t  decrease 
in  the  percen tage  of non-white population  in  suburb #2, This decrease 
i s  caused by a dec rease  in  th e  number of people  moving from suburb r l  
to  suburb #2. The movement between suburbs i s  decreased because the 
popula tion  d e n s i ty  in  suburb #2 i s  g r e a t e r  than  the population  in 
suburb 7/1.
Popu la tion  Dynamics 
The in f lu e n c e  of p opu la t ion  dynamics upon the evo lu tion  of the 
model i s  demonstrated by case  s tud ies  #4, #5 and #6. Case #4 demonstrates 
the in f lu e n ce  o f  an a i r  p o l lu t io n  f ie ld  upon th e  movement of people in 
the c i t y .  Case #5 shows the  e f f e c t  o f  s e t t i n g  the population  d en s ity  
parameters "Ll" and "?3" (see  Table 33 ) equal to  zero , while case #6 
i l l u s t r a t e s  the e f f e c t  of decreasing  the  percen tage  of people who are  
allowed to move in  the  d iscon tinuous model (see  Table 3 3 ) .
Urban case  s tudy  #4 i s  s e t  up to dem onstrate  a poss ib le  e f f e c t  of 
an a i r  p o l lu t io n  f i e l d  upon the  evo lu tion  of a c i t y .  The model assumes
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t h a t  h igh  a i r  p o l lu t io n  l e v e l  c re a te s  poor l i v a b i l i t y  cond it ions  and 
t h a t  as a consequence, people t r y  to  move away from high concen tra t ions  
of a i r  p o l lu t io n .  The a i r  p o l lu t io n  f i e l d  used in  t h i s  s im ulation  i s  
p re se n ted  in  F igure 65 and shows th a t  the h ig h e s t  p o l lu t io n  le v e l  i s  in  
th e  c e n te r  o f  the urban a re a .  The r e c ta n g u la r  box in  the f igu re  
r e p re s e n ts  the  i n i t i a l  lo c a t io n  of the boundary between the  urban and 
r u r a l  a re a .  F igure 66 p re s e n ts  the contoured population  f i e l d  and c i t y  
and suburb boundary f i e l d  fo r  the  l a s t  time s tep  in  case study #4, A 
comparison o f  the c i t y  and suburb boundary f i e l d  fo r  case study #1 and 
#4 shows (see F ig u res  57 and 66) only very small d i f f e re n c e s .  A more 
d e t a i l e d  a n a ly s is  in d ic a te s  t h a t  suburbs #1, #2 and #4 expanded more 
r a p id ly  in  case  #4 than  in  the  co n tro l  ca se .  The inc rease  in the a rea  
of the  suburbs i s  caused by an increase  in  the s t r e s s  along the o u te r  
c i t y  boundaries . The o u te r  c i t y  boundary s t r e s s  i s  g r e a te r  because of 
people  moving away from the  h igh ly  p o llu ted  a reas  in the c e n te r  of the 
urban  a re a .  The a reas  of low population  d e n s i ty  correspond very w e l l  
w i th  the maximum c o n c e n t ra t io n  of a i r  p o l lu t io n  (see F igures  65 and 667 . 
Another important f e a tu re  of the  population f i e l d  i s  th a t  the reg ions 
o f  high popu la t ion  d e n s i ty  surround the h eav ily  p o l lu ted  a i r  in  the cen te r  
of the  c i t y .  In t h i s  experim ent, i t  i s  c le a r  th a t  the a i r  p o l lu t io n  
f i e l d  i s  the most i n f l u e n t i a l  parameter in determ ining the population  
d e n s i ty  d i s t r i b u t i o n  ac ro ss  the  c i t y .  The a d d i t io n  of t h i s  p o l lu t io n  
f i e l d  did not app re c ia b ly  modify the e vo lu t ion  of the education , housing or 
occupation  frequency d i s t r i b u t i o n s  fo r  the d i f f e r e n t  suburbs; however, 
i t  d id  modify the income and the race frequency d i s t r i b u t io n s .  A 
comparison o f  the  race  d i s t r i b u t i o n  fo r  case  s tu d ie s  #4 and #1 show
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AIR POLLUTION CONTOURED EVERY 30 g/m^
Fig- 65. This f i g u r e  p r e s e n t s  the contoured average annual SOg a i r
p o l l u t i o n  f i e l d  determined by using the atmospheric model to 
d r iv e  the a i r  p o l l u t i o n  submodel for  a two-year s im ula t ion .  
The l o c a t i o n  of the  a i r  p o l l u t i o n  sources and the a i r  
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BOUNDARY FIELD
Fig. 66. The con toured  po p u la t io n  f i e l d  (a) and the c i t y  and
suburb boundary f i e l d  (b) fo r  the l a s t  time s tep  in
c a se  s tudy  #4 a re  i l l u s t r a t e d .
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th a t  the  pe rcen tage  of non-white po p u la t io n  in  suburb #1 decreases 
more ra p id ly  in  case  #4 w hile  the  non-white popu la tion  in  suburbs #2,
#3 and #4 increased  more r a p id ly  in  case  #4. The change in  the race 
d i s t r i b u t i o n  suburbs #2, #3 and #4 a re  caused by the in c re ase  in  the 
immigration r a t e  o f  people  from suburb #1 to  these  suburbs. The high 
a i r  p o l lu t io n  l e v e l s  observed in  suburb #1 lowered the  a lready  poor 
l i v a b i l i t y  c o n d i t io n s  in  t h i s  suburb and thus  increased  the percentage 
o r  people in th e  suburb th a t  a re  allowed to  move out by discontinuous 
and d i f f u s io n  movement. The d i f f u s io n  movement of people  from t h i s  
suburb i s  in c re ase d  by the  f a c t  t h a t  the  a i r  p o l lu t io n  f i e l d  decreases 
going from the  e a s te rn  p a r t  o f  the  suburb to  the  w estern  p a r t  (compare 
F ig u re s  65 and 66) and thus causes  l i v a b i l i t y  g rad ie n t  in  which the 
peop le  a re  moving away from the  suburb #1 in to  the  w estern  p a r t  of 
suburb #2 which i s  p redom inate ly  w h i te .  The decrease in  the a i r  p o l lu t io n  
c o n c e n t ra t io n  from th e  c e n te r  of the c i t y  to  the  ou ter  boundaries of 
the  c i t y  s e ts  up a l i v a b i l i t y  g ra d ie n t  such th a t  l i v a b i l i t y  improves 
going away from the  c e n te r  of th e  c i t y  and thus causes the  people to 
move by d i f f u s io n  in  a l l  d i r e c t i o n s  away from the  c e n te r  of the c i t y .
The northward movement o f  w hite  people from the cen te r  o f  the c i ty  is  
r e s p o n s ib le  f o r  the  in c re a s e  in  the  w hite  popula tion  in  suburb #1 
which i s  p redom inate ly  non-white and i s  lo ca ted  in  the  no r the rn  p a r t  
o f  the  c i t y .  A comparison of the  income d i s t r i b u t i o n  f o r  case s tud ie s  
#1 and #4 show t h a t  f o r  case  #4 the r e l a t i v e  frequency of the average 
annual family incomes g r e a t e r  than $10,000 increased  more ra p id ly  fo r  
suburbs #2 and #4 because th ese  two suburbs have the b e s t  l i v a b i l i t y  
c o n d i t io n s  and th e reb y  a t t r a c t  the  h igh  income fa m i l ie s  whose in f lu x  is
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the  r e s u l t  of both continuous and d iscon tinuous  movement. The b e s t  
l i v a b i l i t y  c o n d it io n s  a re  found in suburbs #2 and #4 because of the 
lo c a t io n  in  re fe re n c e  to  the  a i r  p o l lu t io n  f i e l d .  Suburb #4 is  in  the 
w estern  p a r t  of the  c i t y  where the a i r  p o l lu t io n  concen tra tion  i s  low, 
w hile  suburb #2 i s  loca ted  to  the  North of the  ce n te r  of the maximum 
a i r  p o l lu t i o n .  Suburb #3 has poor l i v a b i l i t y  cond it ions  because the 
c e n te r  of maximum a i r  p o l lu t io n  i s  lo ca ted  in  t h i s  suburb.
For case  study #5 the p o p u la t io n  term and the a i r  p o l lu t io n  term 
in  the  l i v a b i l i t y  equa tion  and the l i v a b i l i t y  g ra d ie n t  equation are  se t  
equal to  z e ro .  This leaves  the race  f a c to r  and housing fac to r  as the  
only terms t h a t  in f lu e n ce  the  g ra d ie n t  of l i v a b i l i t y  o f  the c i t y .  This 
g ra d ie n t  i s  c r i t i c a l  to  the po p u la t io n  dynamics of the  model s ince i t  
d i r e c t s  the  d i f f u s io n  of people to b e t t e r  l i v a b i l i t y  cond it ions .  The 
ra c e  and housing f a c to r  in  the  l i v a b i l i t y  equa tion  w i l l  cause people 
to  move toward an a rea  th a t  has the lowest percentage of underemployed 
housing , the  lowest percen tage  of non-white p o p u la t ion . The contoured 
po p u la t io n  f i e l d  and c i t y  and suburb boundary f i e l d  fo r  the l a s t  time 
s te p  in  case  #5 i s  i l l u s t r a t e d  in  F ig u re  67. A comparison of boundary 
f i e l d  fo r  case  #1 and case  #5 shows ve ry  l i t t l e  d i f f e re n c e ,  I t  a ls o  
shows th a t  the in c re ase  in  a re a  fo r  the four  d i f f e r e n t  suburbs i s  almost 
i d e n t i c a l  fo r  these two case s tu d i e s .  A s ig n i f i c a n t  feature  of the 
po p u la t io n  f i e l d  fo r  case  #5 i s  t h a t  j u s t  o u ts id e  the boundary between 
suburbs #1 and #2 th e re  i s  a d i s t i n c t  minimum in  population d e n s i ty .
This i s  caused by the d i f f u s in g  movement of people in suburb away 
from the  poor l i v a b i l i t y  co n d it io n s  in  suburb frl„ The large non-white 
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BOUNDARY FIELD
F ig .  67. The contoured  population  f i e ld  (a) and the c i t y  and
suburb boundary f ie ld  (b) fo r  the l a s t  time step in
case s tudy  #5 a re  shown.
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in  t h i s  suburb. The lo s s  of people  in  suburb #3 and the ga in  o f  people 
in  suburb #4 i s  caused by the movement of people to  f ind  b e t t e r  
l i v a b i l i t y  c o n d it io n s .  In suburb #4, immediately a long i t s  border 
w ith  suburb #3, the l i v a b i l i t y  c o n d i t io n  improves because suburb -r4 
has a lower percentage of underemployed housing. The race  f a c t o r  i s  
no t s i g n i f i c a n t  along t h i s  boundary s ince  n e i th e r  suburb #3 or #4 has 
a la rg e  non-white p o p u la t ion . The popula tion  f i e l d  shows th a t  the  
most s ig n i f i c a n t  changes in  the  pop u la t io n  d e n s i ty  f e a tu re  occurs  j u s t  
a long the boundary between the  d i f f e r e n t  suburbs. This would be expected 
s in c e  the  l i v a b i l i t y  g rad ie n t  which d i r e c t s  the d i f f u s iv e  movements of 
people  in  the  C ity  i s  only  in f luenced  by parameters t h a t  a re  c h a r a c t e r i s t i c  
o f  a whole suburb and thus only change ac ross  the boundaries between 
suburbs .  In  the prev ious case s tu d i e s ,  the  population  d e n s i ty  a i r  
p o l lu t io n  f i e l d s  are  the  predominant f a c to r s  t h a t  in f lu e n ce  the  d i f f u s iv e  
movement of people in  the  c i t y .  A comparison of the  c h a r a c t e r i s t i c  
frequency  d i s t r i b u t io n s  fo r  the d i f f e r e n t  suburbs in  case  #1 and #5 
shows only small d i f f e r e n c e s .
Case study #6 i s  s e t  up to  dem onstrate  the e f f e c t  of l im i t in g  the 
number of people moving w i th in  the c i t y  by d iscon tinuous  techn ique . 
S p e c i f i c a l l y ,  fo r  t h i s  case  the percen tage  of people allowed to  move 
by d iscon tinuous  movement of people w ith in  the c i t y  i s  l im ite d  to  move­
ment by d i f f u s io n .  The contoured po p u la t io n  f ie ld  and boundary f i e ld  
fo r  the  l a s t  time s tep  in  case  s tudy  #6 i s  p resented  in  F igu re  68. In 
case  #6, the area  w ith in  a l l  of the  suburbs did not expand as ra p id ly  
as i t  did  in case #1. A comparison of the popu la tion  f i e l d s  fo r  case r l  
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boundary fie l d
F ig  68. The contoured popu la t ion  f i e l d  (a) and the c i t y  and
suburb boundary f i e l d  (b) fo r  the  l a s t  time s tep  in
case  s tudy  #6 are  i l l u s t r a t e d .
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#3 and #4 a re  s l i g h t l y  lower, while  the  p opu la t ion  d e n s i ty  in  suburbs #1 
and #2 i s  s i g n i f i c a n t l y  h ig h e r .  I t  i s  a ls o  observed th a t  in  case 
s tudy  #6, the  t o t a l  p o p u la t io n  fo r  suburbs #3 and #4 d ec reases  while 
th e  t o t a l  p o p u la t io n  in  suburbs #1 and #2 in c re a s e s  s i g n i f i c a n t l y .  The 
change observed in  the  lo c a l  popu la t ion  d e n s i ty  and t o t a l  popu la t ion  of 
th e  suburbs a re  caused because the number of people allowed to  move 
by d isco n t in u o u s  movement i s  decreased  to  a very  small number of people. 
The prim ary e f f e c t  of the  d iscon tinuous  movement technique would be 
t o  take people  from the  poor l i v a b i l i t y  suburbs which are  suburbs #1 
and tt2 and p lace  them in  suburbs #3 and #4 which have b e t t e r  l i v a b i l i t y  
c o n d i t io n s .  By d r a s t i c a l l y  l im i t in g  the use of d iscon tinuous  technique, 
th e  prim ary mechanism fo r  causing r a c i a l  in t e g r a t io n  of suburb #3 and 
#4 i s  l im i te d .  This i s  demonstrated by comparing the r a c i a l  frequency 
d i s t r i b u t i o n  fo r  suburbs i n  case study #6 and #1. The comparison shows 
t h a t  in  case  #6, (F igu re  69 ) ,  the percentage  of the non-white popu­
l a t i o n  in  suburbs #3 and #4 inc reased  very  l i t t l e  compared to  the  i n ­
c re a s e  observed in case  study #1. The comparison fo r  suburbs #1 and 
#2 shows th a t  in  case  #6, th e r e  i s  a s l i g h t  dec rease  in  non-white 
p o p u la t io n  in  suburb #1 and s l i g h t  in c re a se  in  the  percentage  of the 
non-w hite  po p u la t io n  in suburb #2. This means t h a t  the in c re a se  in  
th e  movement by d i f f u s io n  between suburbs #1 and #2 caused an increase  
i n  r a t e  a t  which suburb 41 and #2 a re  r a c i a l l y  in te g r a te d .  The net 
e f f e c t  of suburb #1 and 42 to  be more r a c i a l l y  in te g ra te d  w hile  in  
suburbs #3 and #4 th e  r a c i a l  in t e g r a t io n  i s  slowed down. A comparison 
o f  the o th e r  frequency d i s t r i b u t i o n  fo r  case 41 and 46 shows th a t  
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W = White 
MV = Non-White
F ig .  69. The i n i t i a l  (dashed l in e )  and f i n a l  ( so l id  l in e )  race
frequency d i s t r i b u t i o n  f o r  suburbs #1 (a ) ,  suburb #2 (b), 
suburb #3 ( c ) ,  and suburb #4 (d) a re  presen ted  fo r  case 
s tudy  #6.
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Suburb Dynamics
Case s tu d i e s  #7 and #8 a re  organized to  demonstrate the  e f f e c t  
o f  the  suburb dynamics s u b s e c t io n  upon the  evo lu tion  of the model. In 
case #7 the underemployed t o  worker t r a n s f e r  r a t e  i s  increased  from 
47o to  10% fo r  suburbs #1 and #2 and s im i la r ly  the worker to p ro fe ss iona l  
t r a n s f e r  r a t e  i s  inc reased  from 3% to  7%. The t r a n s f e r  r a t e s  fo r  the 
o th e r  suburbs a r e  no t changed. In  case study #8, the t r a n s f e r  r a te  
t h a t  in f luenced  the housing d i s t r i b u t io n s  are  modified so as to  increase 
the  new c o n s t ru c t io n  r a t e  f o r  q u a l i ty  housing , worker housing and 
underemployed housing .
Case #7 i s  run in  o rd e r  to  dem onstrate the e f f e c t  of increas ing  the 
r a t e  of t r a n s f e r  of lower c la s s  (underemployed people) in  suburbs #1 
and #2 in to  t h e  upper c l a s s  c a te g o r ie s  (worker and p r o f e s s io n a l ) . A 
comparison of th e  boundary f i e l d  and popu la tion  f i e l d  in case  #1 and 
#7 show th a t  t h e r e  i s  ve ry  l i t t l e  d i f f e re n c e  between them. In comparing 
the  r e s u l t s  between the  two c a se s ,  the s ig n i f i c a n t  d i f f e re n c e s  are  seen 
in the  o c c u p a t io n ,  fam ily  income and education  frequency d i s t r ib u t io n s  
fo r  suburbs ifl and #2 (F igures  70 , 71 and 7 2 ) .  A comparison of the 
occupation f requency  d i s t r i b u t i o n  for case  #1 and #7 (Figure 59 and 70) 
shows th a t  in  ca se  study #7, th e re  i s  a much higher percentage of people 
in  the  h igher  l e v e l  o ccu p a tio n a l  c a te g o r ie s .  A s im i la r  comparison of 
the  fam ily  income and education  le v e l  frequency d i s t r ib u t io n s  (Figure 60, 
61, 71 and 72) shows th a t  in  case study #7 there  i s  a much h igher  
percen tage  of peop le  in  the  upper income c a te g o r ie s  and the more advanced 
e d u c a t io n a l  l e v e l s  than i n  case  study #1. This r e s u l t  i s  expected since 
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F ig .  70.




The i n i t i a l  (dashed l in e )  and f i n a l  (so lid  l in e )  
occupation frequency d i s t r i b u t i o n  fo r  suburb vl  (a ) ,  
suburb #2 (b),  suburb 43 ( c ) ,  and suburb 44 (d) 










1 2 3 4 5 6 7 8 9 10 11 12 13
.20






1 2  3 4 5 6 7 8 9 10 11 12 13
FAMILY IKCOIE (annual)
1 1000 6 5000-5999 11 10000-14999
2 1000-1999 7 6000-6999 12 15000-24999
3 2000-2999 8 7000-7999 13 25000
4 3000-3999 9 8000-8999
5 4000-4999 10 9000-9999
F ig . 71. The i n i t i a l (dashed l i n e )  and f in a l  ( so l id  l i n e )  family
income frequency d i s t r i b u t io n  fo r  suburb frl (a ) ,  suburb v2
( b ) . suburb #3 (c) j  and suburb #4 (d) a re  shoum fo r  case
s tu d y  #7.
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1 2 3 4 5 6 7 9 10 11 12 13 14 15 16
EDUCATION LEVEL (years in school completed)
1-2 0 School
3-4 1-4 Grade
5-6 5-7 Grade 
7-8 8 Grade
9-10 1-3 High School
11-12 4 High School
13-14 1-3 College
15-16 College
F ig .  72. I n i t i a l  (dashed l in e )  and f i n a l  ( so l id  l in e )  education  
frequency d i s t r i b u t i o n  fo r  suburb #1 (a ) ,  suburb 42 (b ) ,  
suburb #3 ( c ) ,  and suburb #4 (d) a re  presented fo r  
case  study #7.
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c a te g o r ie s  to  the h igher  l e v e l  c a te g o r ie s  i s  a s so c ia te d  w ith  an in c rease  
i n  t h e i r  educationa l l e v e l  and family income. A comparison of the 
o ccu p a t io n a l ,  family income and educationa l l e v e l  frequency d i s t r i b u t io n  
in  the  d i f f e r e n t  suburbs shows th a t  a t  the  end of th e  l a s t  time s tep  
in  case study #7 the frequency d i s t r i b u t io n s  fo r  a l l  four  suburbs are  
v e ry  s im i la r .  The ne t  e f f e c t  of running case s tudy  #7 i s  to  produce a 
c i t y  in  which the a t t r i b u t e s  of the people in  the  d i f f e r e n t  suburbs are  
very  s im i la r ,  except f o r  the r a c i a l  seg rega tion  th a t  e x i s t s  in  the 
c i t y .  I t  i s  i n t e r e s t i n g  to  note tha t  in c re as in g  the  e d u ca t io n a l  l e v e l ,  
o ccupationa l  l e v e l  and fam ily income o f  the non-white m ino r ity  in  the  
c i t y  did not s i g n i f i c a n t l y  in c rease  the r a t e  a t  which the  c i t y  i s  
r a c i a l l y  in te g ra te d ;  c l e a r l y  no mechanism i s  provided to  b r in g  t h i s  
i n te g r a t io n  about as simple consequence of increased  education  l e v e l .
Case study #8 dem onstrates  the in f lu e n ce  of in c re a s in g  the con­
s t r u c t i o n  r a t e  of the d i f f e r e n t  types of housing upon the  ev o lu t io n  of 
the  model. S p e c i f i c a l ly ,  the new c o n s tru c t io n  r a t e  fo r  q u a l i ty  houses 
i s  increased  fo r  suburb #3 and #4, the worker housing c o n s tru c t io n  r a t e  
i s  increased  fo r  suburbs #1, #2, #3 and #4, while th e  underemployed 
housing c o n s tru c t io n  r a t e  i s  increased fo r  suburbs #1 and #2, A comparison 
o f  the housing frequency d i s t r ib u t io n s  fo r  case  s tudy  #1 and #8 (see 
F ig u res  73 and 63) show th a t  fo r  case #8 the r e l a t i v e  frequency under­
employed housing in c re a se s  in  suburbs #1 and #2, w hile  in suburbs #3 
and #4 the r e l a t i v e  frequency of the worker housing in c re a s e s .  The 
most important in f lu en ce  of increas ing  the new c o n s tru c t io n  r a t e s  fo r  
the  d i f f e r e n t  c a te g o r ie s  of housing u n i t s  i s  to in c re a se  the  t o t a l  
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HOUSING
1 2 3 4 5 6 7 8 9
HOUSING
1-3 Underemployed Housing 
4-6 Worker Housing 
7-9 Quality  Housing
F ig .  73. The i n i t i a l  (dashed l in e )  and f i n a l  ( so l id  l in e )  housing 
frequency d i s t r i b u t i o n  fo r  suburb -rl ( a ) ,  suburb #2 (b), 
suburb #3 ( c ) ,  and suburb #4 (d) a re  i l l u s t r a t e d  fo r  
case study #8.
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open land area in  the c i t y .
Industry  Model
The e f f e c t  of the in d u s try  model upon the evo lu tion  of the  urban 
model i s  demonstrated by running case s tu d ie s  #9 and #10. In  case  #9, 
the r a t e  of growth of new in d u s t r ie s  i s  decreased from 10% to  5%, w hile  
in  case # ]0 ,  the  r a t e  of growth of new in d u s t r ie s  i s  increased  from 
10% to  15%. The e f f e c t  of the d i f f e r e n t  case s tu d ie s  upon the ou tpu t 
parameters of the  in d u s t ry  model are summarized in Table 34, which 
p re se n ts  the ou tpu t  param eters  a t  the end o f  the  time s im u la t ion  fo r  
case s tu d ie s  #1, #9 and #10. Comparing th e  r e s u l t s  from case #9 w ith  
the  r e s u l t s  fo r  case  #1 show th a t  decreas ing  the  r a t e  o f  growth of new 
in d u s t r i e s  causes a decrease  in  the number of in d u s t r ie s  in  a l l  of the  
c a te g o r ie s  with a p a r t i c u l a r  decrease in the  number of new i n d u s t r i e s .  
This decrease  a ls o  causes a s ig n i f i c a n t  decrease  in  the number of jobs 
su s ta in ed  by in d u s t ry .  The comparison of case  #10 w ith  case #1 shows 
th a t  in c reas in g  th e  r a t e  of growth of new in d u s t r ie s  produces a 
s ig n i f i c a n t  in c rease  in  the  number of in d u s t r ie s  in  a l l  of the  c a t e ­
g o r ie s  with a p a r t i c u l a r l y  la rg e  inc rease  in  the  number of new i n d u s t r i e s ,  
As would be expected, the  t o t a l  number of people employed by in d u s t ry  
a lso  in c re a s e s .  I t  i s  i n t e r e s t i n g  to note th a t  for case #1, #9 and 
#10 th e re  a re  approxim ately  600,000 people  a v a i la b le  fo r  working the 
d i f f e r e n t  i n d u s t r i e s ,  A comparison o f  the number o f  people needed by 
in d u s try  and the number of people a v a i l a b le  shows th a t  in case  #1 th e re  
a re  twice as many jobs  as th e re  are people  to f i l l  th ese  jobs ,  w h ile  in 
case #10, there  i s  almost th re e  times as many jobs as  the re  a re  people 
a v a i la b le  fo r  work. Case #9 i s  the only one in  which the number of jobs
TABLE 34
This Table Presents The Industry Model Output Parameters 
At The End Of 16-Year Simulation For Case Studies #1, #9, and #10
Number of
Number of Number of Number of Prof.- Number of Number of Total
New Mature Declining Managerial Worker Underemployed Number of
Industries Industries Industries Jobs Jobs Jobs_______ Jobs
Case #1
(Control Case) 20,591 20,389 12,965 177,093 562,347 338,933 1,078,373
Case #9 9,213 14,848 11,701 102,317 350,178 209,609 662,104
Case #10 44,282 29,521 14,760 324,738 974,214 590,432 1,899,384
tvjON
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a v a i la b le  and the number of people looking f o r  work a re  comparable.
This in d ic a te s  a 5% growth r a t e  for new in d u s t r i e s  i s  s u f f i c i e n t  to  
provide enough jobs  f o r  the  people in  the  c i t y ,  w h ile  growth r a t e s  
g r e a te r  than 5% c r e a te  an excess of the number of jobs which only 
could be f i l l e d  by im porting people in to  the c i t y .  In  case  #9, a 
comparison of the  number of jobs in the p a r t i c u l a r  job c a te g o r ie s  w ith  
the  number of people i n  the  c i t y  who are t ra in ed  fo r  th a t  job ca tego ry  
shows th e re  a re  twice as many people looking for p ro fe s s io n a l  m anageria l 
jobs than are jobs a v a i l a b l e ,  while  there  are  th re e  times as many 
underemployed jobs a v a i l a b l e  in  comparison to  the number of people 
looking fo r  underemployed jo b s .  The d iscrepency  between th e  number o f  
people looking fo r  jobs  and the  number of jobs a v a i l a b le  in  the under­
employed p r o fe s s io n a l  m anageria l ca te g o rie s  i s  caused by the  f a c t  t h a t  
each year during the 16-year s im u la t ion , 47. o f  th e  people i n  the under­
employed ca tegory  a re  upgraded to  the  worker ca tegory  and 3% of the  
people in  the worker ca tegory  a re  upgraded to  the p r o fe s s io n a l  m anageria l 
c a te g o r ie s .  These r e s u l t s  show th a t  job t r a in in g  programs th a t  improve 
the  occupational l e v e l  of the people in the  c i t y  must proceed along w ith  
the changes in  in d u s t ry  manpower needs.
APPENDIX D
APPENDIX D
RESULTS OF THE TESTING SCHEME PERFORMED 
ON THE BOTANY MODEL
The d e ta i le d  r e s u l t s  o f  the  t e s t i n g  procedure performed on the 
botany model a re  g iven  in  t h i s  appendix. V a l id a t io n  of the model i s  
performed by comparing sim ulated  r e s u l t s  with the  1970 grass land  data  
f o r  the  IBP Osage s i t e  (R iss e r ,  1971), w hile  a s e n s i t i v i t y  an a ly s is  
dem onstrates the  response  of the model to  the d r iv in g  a b io t ic  v a r i a b le s .
In  p a r t i c u l a r ,  the s e n s i t i v i t y  of the  primary s t a t e  v a r ia b le s  (above 
ground l iv e  biomass (ABM), s tanding dead (SD), and l i t t e r ( L I T ) )  to  
v a r i a t i o n s  in  s o i l  m o is tu re ,  a i r  tem pera tu re , wind speed, and s o la r  
r a d i a t i o n  i s  demonstrated by running a numerical experiment th a t  shows 
how these  param eters in f lu en ce  the primary s t a t e  v a r i a b l e s .  The numerical 
experiment comprised s e v e ra l  one year time s im u la t ions  using d i f f e r e n t  
d a ta  s e t s  fo r  the d r iv in g  v a r i a b le s .  In  a d d it io n  to the s e n s i t i v i t y  
a n a ly s is  and v a l i d a t i o n ,  the  botany model is  t e s t e d  by running a ten -  
year  s im u la t io n  of the o v e ra l l  ecosystem model. A summary of the  
r e s u l t s  from t h i s  s im u la t ion  i s  p resen ted ,  in o rder  to  demonstrate the 
feedback loops between the botany model and the r e s t  of the ecosystem.
The va lues  assigned  to  the constan t param eters in  the botany model for 
t h i s  s im u la t ion  are  p resen ted  in  Table 35. For t h i s  s im ulation  the 




CONSTANT VALUES USED FOR THE VARIOUS PARAMETERS 
IN THE BOTANY MODEL
Parameter Constant Value Parameter Constant Value
CPH .5 PTC 2 .20
HAR 0.0 PMSl .166
HS 0.0 PMS2 .10
HL 0.0 ABMl .026
HM 0.0 ABM2 .024
HB 0.0 ZMl 7.1
NS .8 ZM2 .90
LA 1.0 PRPIO .5
CR 1.0 PBTl 4x10'^
PPHl 3.36xlO"4 PBT2 IxlO"^
PPH2 59 PBT4 l.OxlO '
PRP 1.70x10’ ^ PBT5 5x10*^
PTC 44 PDAl .43x10"'
PPH3 .125 PDA2 35.0
Z1 2.10 PDA3 42.0
Z2 1.12 PDA4 7.1
PPH4 6.94xlO“® PDA5 .3
PPH3 .40 PRB 1.5x10
PPH6 .50
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V a lida t ion  Process
F igure  74 p re s e n ts  the observed and simulated time s e r i e s  fo r  
above ground biomass (ABM) and below ground biomass (BBM), w hile  
F i g u r e , 75 g ives  the  observed and sim ulated time s e r i e s  fo r  the  l i t t e r  
(LIT) and s tand ing  dead (SD), A comparison of the  observed and sim ulated 
time s e r i e s  of ABM, BBM, SD and LIT i s  s a t i s f a c to r y .  The most apparent 
d e v ia t io n  between the  observed and simulated time s e r i e s  of ABM i s  th a t  
a t  the  end of the  growing season the  observed ABM d ecreases  much more 
ra p id ly  than the sim ulated  ABM. The importance of t h i s  d e v ia t io n  i s  
qu es t io n a b le  s ince  a comparison of the observed ABM and SD time s e r i e s  
a t  the  end of the  growing season shows th a t  the  sharp  decrease  in  ABM 
i s  n o t  c o n s is t e n t  w ith  the  slow in c re a s e  in  the  SD biomass. I t  i s  
g e n e ra l ly  observed th a t  the ABM t h a t  d ie s  i s  t r a n s f e r r e d  in to  SD biomass.
The sim ulated  BBM curve p re d ic ts  the  observed maximum and minimum values  
of BBM; however, th e re  appears to be a phase lag  between the observed 
and sim ulated  peak and minimum. The simulated l i t t e r  time s e r i e s  does 
no t  show the  two d i s t i n c t  peaks in d ic a te d  by the  observed d a ta  and a lso  
in d ic a te d  a t rend  towards in c re as in g  l i t t e r  in  the  f a l l ,  while  the 
observed da ta  in d ic a te s  th a t  l i t t e r  decreases in  th e  f a l l .  The s ig n i f ic a n c e  
o f  these  d e v ia t io n s  i s  d i f f i c u l t  to  determine because of the  experimental 
e r r o r  in observ ing  the  d a ta  and the  f a c t  th a t  some of the phys ica l  
p rocesses  which in f lu e n c e  the t r a n s f e r  of SD to  LIT a re  not taken in to  
account by t h i s  model. Heavy ra in s to rm  and h a i l s to n e s  are  two such 
p h y s ica l  p rocesses  t h a t  can have a s ig n i f i c a n t  in f lu e n c e  upon t r a n s f e r  
of SD to LIT.
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Fig. 74. Comparison of Ihe simulated and observed time series for above-ground live 
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Pig. 75. Comparison of tho simulated and observed time series for litter biomass 
(LIT) and standing dead biomass (SD).
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tren d s  ind ica ted  by the  time s e r i e s ,  A p o in t  to p o in t  comparison of 
the observed and sim ulated  d a ta  i s  u n r e a l i s t i c  when the experim ental 
e r r o r  i n  observing b io lo g ic a l  samples i s  considered (F ra n c is ,  1971; 
Cochran, 1963).
S e n s i t i v i t y  A nalysis
A s e n s i t i v i t y  a n a ly s is  of the  model i s  performed in  o rd er  to 
v a l i d a t e  the model s u b je c t iv e ly .  This type of a n a ly s is  i s  considered  
n ecessa ry  because only one y e a r  of observed data  i s  a v a i l a b le  fo r  the 
v a l id a t io n  p ro cess .  A num erica l experiment i s  s e t  up to  t e s t  the  
a b i l i t y  of the model to  respond to  v a r i a t i o n  in  fo u r  c r i t i c a l  a b io t ic  
param eters (wind speed, s o la r  r a d i a t i o n ,  p r e c ip i t a t i o n ,  and s o i l  m o is tu re ) .  
The numerical experiment v a r i e s  the  observed time s e r i e s  fo r  each of 
the a b io t i c  param eters  in  an o rganized  manner and observed the in f lu en ce  
o f  th e se  v a r i a t io n s  upon the s im ulated  time s e r ie s  of th e  primary s t a t e  
v a r i a b l e s .  The sim ulated  response  of the  primary s t a t e  v a r i a b le s  i s  
compared to the  expected response  a n t i c ip a te d  for a p a r t i c u l a r  time 
s e r i e s  o f  a b io t ic  param eters .
The s e n s i t i v i t y  of the model to  s o i l  moisture i s  demonstrated by 
running f iv e  d i f f e r e n t  case s tu d i e s  t h a t  used d i f f e r e n t  s o i l  m oisture  
time s e r ie s  (see F igu re  76) . The in f lu e n ce  of the d i f f e r e n t  s o i l  
m o is tu re  time s e r i e s  upon the sim ulated  time s e r ie s  of ABM, and SD a re  
summarized in  F igu re  76 and 77. in  g e n e ra l ,  the r e s u l t s  show th a t  
in c re a s in g  the s o i l  m oisture  causes  ABM t o  increase  s ig n i f i c a n t l y .  This i s  
p a r t i c u l a r l y  t ru e  when the s o i l  m ois tu re  i s  added in  the sp ring  and e a r ly  
summer. As would be expected dec re a s in g  s o i l  m oisture  in  the  sp ring  
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Fig. 76. Simulated time series for live above-ground biomass (ADM) for five soil 
moisture case studies: Case #I observed moisture data; case #2 moist
July and August; case #3 moist growing season; case #4 dry spring; 
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Fig. *1 1 , Simulated time scries of standing dead biomass (SD) for the five soil
moisture case studies: case #1, observed moisture data; case #2, moist
July and August; case #3, moist growing season; case #4, dry spring; 
case #5, moist August 1-15.
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f o r  the  case  s tu d i e s  compare favorab ly  w ith  the  expected r e s u l t s  
a n t i c ip a te d  f o r  the  d i f f e r e n t  m oisture  time s e r i e s .  I t  i s  i n t e r e s t i n g  
to  note t h a t  th e  ABM time s e r i e s  genera ted  by case #3 (Moist y e a r ly  
growing season) and case  #4 (Dry sp ring  growing season) form an envelope 
t h a t  con ta ins  the ABM time s e r i e s  f o r  a l l  o th e r  time s e r i e s .  An 
u n a n t ic ip a te d  r e s u l t  i s  the  f a c t  th a t  case  #2 (Moist July and August) 
genera ted  the  g r e a t e s t  amount of SD in comparison with the  o th e r  case  
s tu d i e s .  This f a c t  i s  s u rp r i s in g  s in c e  case #3 (Moist y e a r ly  growing 
season) genera ted  a s i g n i f i c a n t l y  g r e a t e r  amount of ABM than case 
#2 (Moist J u ly  and A ugust) .  The t e s t i n g  procedure demonstrated th a t  the  
Botany model i s  ex trem ely  s e n s i t iv e  to v a r i a t i o n  in s o i l  m ois tu re  
c o n te n t .
The in f lu e n c e  of the  su rfa c e  a i r  tem pera tu re  upon the model i s  
demonstrated by  runn ing  th re e  case s tu d i e s  th a t  use d i f f e r e n t  time 
s e r i e s  of maximum a i r  tem pera tu re . Case #1 uses the observed values  
f o r  the  a b i o t i c  pa ram ete rs ,  w h ile  Case #2 and Case #3 modify the  maximum 
a i r  tem pera tu re  by adding and s u b tr a c t in g  5 F re sp e c t iv e ly  to  the 
observed v a lu e s  o f  the  maximum a i r  tem p era tu re .  The simulated time 
s e r i e s  of ABM and SD a re  presen ted  i n  F ig u re  78. The computer r e s u l t s  
show th a t  i n c r e a s in g  the  tem pera ture  causes  ABM to  peak e a r l i e r  in  the  
year  and d ec rease  more r a p id ly  in  th e  summer, while decreas ing  the  a i r  
tem pera ture  caused the  peak in  ABM t o  occur l a t e r  in the y e a r ,  with ABM 
dec reas ing  more slow ly in  summer. These r e s u l t s  agree w ith  the  expected 
r e s u l t s  a s s o c ia te d  w ith  in c re as in g  and dec reas ing  the  mean a i r  tem perature , 
I t  i s  i n t e r e s t i n g  to  no te  the  phase lag  o f  the  maximum value of ABM 
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Fig. 78. Simulated time scries of above-ground live biomass (ABM) and standing dead 
biomass (SD) for the three surface air temperature case studies: case #1,
observed temperature data; case #2, warm air temperatures; case #3, cool 
air temperatures.
280
tem perature (Case #3) produced the g r e a t e s t  amount of s tand ing  dead 
biomass a t the  end of the  growing season.
The response of the  model to  d i f f e r e n t  wind speed co n s tan ts  is  
demonstrated using th re e  case s tu d ie s .  Case #1 w i l l  use the una lte red  
observed d a ta  fo r  the  a b io t i c  param eters w h ile  Case #2 and Case #3 
a ss ig n  the average wind speed to  be zero  to  5 k t s  and 6 to  10 k ts  
r e s p e c t iv e ly  fo r  the complete growing season. The time s e r i e s  of primary 
ABM, SD and LIT fo r  the d i f f e r e n t  cases  a re  p resen ted  in  F igure  79.
The sim ulated computer r e s u l t s  agree w ith  expected r e s u l t s  a ssoc ia ted  
w i th  changes in  the average wind speed. The most important observa tions  
from the r e s u l t s  are  the f a c t s  t h a t ,  a) in c re a s in g  wind speed causes the  
same e f f e c t  on the ABM time s e r i e s  as d e c re a s in g  the su rface  a i r  
tem perature and, b) th a t  increased  wind speed w i l l  cause more standing 
dead to be t r a n s fe r r e d  to  l i t t e r .
The in fluence  of d i f f e r e n t  s o la r  r a d i a t i o n  co n d it io n s  i s  demonstrated 
by running th re e  case s tu d ie s  in  which Case #1 used the observed data 
w h ile  Case #2 and Case #3 in c re ase  and d ecrease  r e s p e c t iv e ly  the 
observed maximum so la r  r a d i a t i o n  by 20%. The sim ulated  time s e r ie s  of 
ABM and SD a re  i l l u s t r a t e d  in  F igure  80 and show th a t  decreas ing  so la r  
r a d i a t i o n  dec reases  the peak in  ABM, w hile  in c re as in g  so la r  r a d ia t io n  
in c re a se s  th e  peak in  ABM. The sim ulated  time s e r i e s  correspond f a i r l y  
w e ll  with expected time s e r i e s  fo r  the d i f f e r e n t  ca ses .  An i n te r e s t in g  
obse rva tion  i s  th a t  d ec reas ing  the maximum s o la r  r a d i a t i o n  by 207. 
causes a g re a te r  change in  the  peak va lues  of the  ABM curve than a 207. 
in c re ase  in the  maximum s o la r  r a d i a t i o n .
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Fig. 79. Simulated time scrJ.es of above-ground biomass (AEM), litter biomass (LIT), 
and standing dead biomass (SD) for the three wind speed case studies: 
ease #1, observed wind data; case #2, lighter winds; case #3, stronger winds,
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80. 8 iiiui la I(.'xl t ime sc r l ea of a 8('ve-i',ruv\nU biomass (ABM) and s Land l.nr, dead (SD)
for tlio throe solar radiation case studios: case ÿl, observed solar
radiation data; case #2, increased solar radiation (-1207) ; case #3, 
decreased solar radiation (-207).
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th a t  one hour s te p s  a re  o p t im al .  The o p t im a l i ty  c r i t e r i o n  i s  based 
upon the  num erical s t a b i l i t y  of the  model and the  amount of time r e ­
quired to  run the  model on the  computer. The r e s u l t s  a ls o  in d ica ted  
th a t  a more s o p h is t ic a te d  f i n i t e  d i f f e r e n c e  scheme, such as the 
Runge-Kutta Method, should be used to  increase  num erical s t a b i l i t y .
The r e s u l t s  of the  s e n s i t i v i t y  a n a ly s i s  and v a l id a t io n  procedure 
provide a p re l im inary  v a l i d a t i o n  o f  the  model, A more convincing 
v a l id a t io n  of the  model would r e q u i r e  a much longer time s e r i e s  of 
observed d a ta  and an extended s e n s i t i v i t y  a n a ly s is .  A more thorough 
s e n s i t i v i t y  a n a ly s i s  should in c lu d e  num erica l experiments in  which more 
than one o f  the  param eters  i s  v a r ie d  sim ultaneously  in  the experiment 
and a s e n s i t i v i t y  a n a ly s i s  in  which v a ry in g  an a b io t i c  parameter 
in f lu en ces  both  the primary s t a t e  v a r i a b l e s  and the  o ther  a b io t ic  
v a r i a b le s .
S im ula tion  R e su l ts
A te n -y e a r  s im u la t io n  of the  botany model i n  con junc t ion  with the 
whole ecosystem model i s  run in  o rd er  to  show the  i n t e r a c t in g  feedback 
loops between them. These feedback loops are  demonstrated by s im ulating  
the above ground l iv e  biomass, (ABM), s tand ing  dead, (SD), l i t t e r  and 
below ground l i v e  biomass, (BBM) fo r  fou r  separa te  g rass  f i e l d s  th a t  a re  
su b je c t  to  d i f f e r e n t  management p r a c t i c e s .  F ie ld  #1 i s  i r r i g a t e d  and 
not grazed by c a t t l e ,  f i e l d  #2 i s  no t i r r ig a t e d  and not g razed , while 
f i e l d  #3 and #4 are  not i r r i g a t e d  and a l t e r n a t e l y  grazed during  the 
sp ring  and summer. The d e c is io n  to  g raze  e i th e r  f i e ld  #3 or f i e ld  #4 
i s  decided by the  d e c is io n  theo ry  p ro cess  in the executive  management 
submodel. F ie ld s  #1 and #2 a re  h a rv e s te d  a t  the end of each growing
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season (day 300), while the r e s u l t i n g  fo rage  i s  used to  feed the c a t t l e  
in  the feed l o t .  The d e ta i le d  day -to -day  v a r i a t i o n s  of the s t a t e  
v a r i a b le  (ABM, LIT, BBM, and SD) and th e  average s o i l  m ois ture  fo r  the  
fou r  f i e l d s  a re  p resented  fo r  the f i r s t  two y ears  of the ten -year  
s im u la t io n .  These d e ta i le d  graphs demonstrate the e f f e c t  of d i f f e r e n t  
management p ra c t ic e s  and growing c o n d it io n  upon the s t a t e  v a r ia b le s  fo r  
each o f  the  f i e l d s .  The long-term  e f f e c t  of the management d ec is io n  
and growing co n d it io n s  upon the  d i f f e r e n t  f i e l d s  i s  demonstrated by 
p re s e n t in g  the  average monthly values  fo r  the s t a t e  v a r i a b le s  in  the 
fou r  f i e l d s .
F igu re  81 and 82 p resen t the  two-year time s e r i e s  o f  the  above 
ground l i v e  biomass, s tanding dead and l i t t e r  fo r  the  four  d i f f e r e n t  
f i e l d s .  ABM in  f i e l d  #1 in c re ase s  very r a p id ly  in  the sp r in g ,  reaches 
a peak va lu e s  in  e a r ly  September and then  decreases  very ra p id ly  in 
the  f a l l .  The spring inc rease  in ABM i s  caused by good growing cond it ions  
in  the s p r in g ,  while  the le v e l in g  o f f  o f  th e  ABM in mid summer i s  caused 
by the  b io lo g ic a l  l im i ta t io n  upon the peak value fo r  ABM, The growth 
o f  g ra s s  in  f i e l d  #1 i s  never l im ite d  by s o i l  m oisture  because of 
i r r i g a t i o n s  and thus i s  perm itted  to  grow to  i t s  peak v a lu e .  The f a l l  
d e c re a se  in  ABM i s  caused because of the  aging p rocess where ABM is  
t r a n s f e r r e d  to  s tanding  dead (SD) (s im essence) . The s tand ing  dead fo r  
f i e l d  #1 curve shows th a t  SD decreases  from the s t a r t  of the s im ula tion  
u n t i l  the  beginning of September, when i t  in c re ase s  d ra m a tic a l ly  fo r  
a month and then decreases  d isc o n t in u o u s ly  to 25 gm/m . The decreased 
SD through August i s  caused by the  lo ss  of s tandard  dead m a te r ia l  in to  
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T IM E  ( d a y s )   ABOVE GROUND BIOMASS ( l iv e )
  STANDING DEAD
  LITTER
F ig . 81. A two-year s im ula t ion  of l iv e  above-ground biomass,
s tand ing  dead biomass, and l i t t e r  fo r  f i e l d  #1 (a)
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Fig. 82. A two-year simulation of l iv e  above ground biomass,
standing dead biomass and l i t t e r  for f ie ld  #3 (a)
and f ie ld  #4 (b) i s  presented.
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i s  caused by the  t r a n s f e r  of ABM in to  SD. The d iscon tinuous  decrease  
in  SD i s  produced by h a rv e s t in g  the  g rass  f o r  u t i l i z a t i o n  by the feed 
l o t  c a t t l e .  The l i t t e r  curve shows very l i t t l e  v a r i a t i o n s  through the  
y e a r ,  except fo r  the d ram atic  decrease  in  the  f a l l  which i s  caused by 
h a rv e s t in g  the  g r a s s .  Comparing the time s im u la t ion  fo r  the f i r s t  
year  and second year  fo r  f i e l d  #1 shows t h a t  the  major d i f f e re n c e  is  
t h a t  in  the  second year  ABM peaks a t  a h ig h e r  l e v e l .  The in c re a s e  in  
ABM fo r  the  f i r s t  yea r  to  the  second i s  caused by the  in c re ase  in  the 
below ground biomass (see F ig u re  83) . In c re a s in g  below ground biomass 
a llow s above ground biomass to  m ain ta in  h igher  peak values  by lowering 
th e  r a t e  of t r a n s lo c a t io n  of p h o to sy n th e t ic  m a te r ia l  to BBM, The 
major d i f f e r e n c e  between f i e l d  #1 and f i e l d  #2 i s  t h a t  f i e l d  #1 i s  
i r r i g a t e d  when the s o i l  m o is tu re  s t a r t s  to  l im i t  growth, while  in  f i e l d  
#2 no m ois tu re  i s  added when s o i l  moisture becomes a l im it in g  f a c t o r .
The o v e r a l l  c h a r a c t e r i s t i c s  o f  the  response of the  s t a t e  v a r ia b le  in  
f i e l d  #2 i s  the  same as f i e l d  #1 , except f o r  the f a c t  low s o i l  m o is tu re  
v a lues  l im i t  growth of ABM during  the summer. Thus the most s ig n i f i c a n t  
d i f f e r e n c e  between f i e l d  #1 and #2 i s  th a t  the value  for ABM i s  much 
lower in  f i e l d  #2. A comparison of the  time s im ula t ion  fo r  th e  f i r s t  
and second year  fo r  f i e l d  #2 shows th a t  the  peak in  the ABM curve i s  
almost tw ice as high in  the  second year. This  in c rease  i s  caused by a 
s ig n i f i c a n t  in c re a s e  in  the  a v a i l a b le  s o i l  m oisture  during th e  e a r ly  
summer (see F igure  84 . The herbage dynamics in  f i e l d s  #3 and #4 are  
i d e n t i c a l  to  the  dynamics in  f i e l d  #2, except fo r  the  f a c t  t h a t  c a t t l e  
a l t e r n a t e l y  graze  f i e l d  #3 and #4. F igure  82 dem onstrates t h a t  the 
e f f e c t  of g raz ing  on the herbage dynamics i s  s i g n i f i c a n t .  In the f i r s t
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F ig . 83, A two-year s im u la t ion  of below ground biomass fo r  f ie ld s  
# 1 ,  #2 , #3, and #4 is  i l l u s t r a t e d  in th i s  f ig u r e .
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SOIL MOISTURE FOR FIELD 






















3.5 SOIL MOISTURE FOR FIELD #3 
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F ig .  84, A two-year s im u la t io n  of the s o i l  m oisture  a v a i lab le  
fo r  ev ap o ra tio n  from 0-24 inches fo r  f i e l d  #1 and #2
(a) and fo r  f i e l d  #3 and #4 (b) i s  shown.
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year s im u la t ion  the  c a t t l e  a re  p laced on f i e l d  #3 a t  day 90, The
amount o f  s tanding dead and l i t t e r  began to  decrease  as soon as the
c a t t l e  were placed on f i e l d  #3, and by day 160 th e re  i s  i n s u f f i c i e n t
g rass  f o r  the c a t t l e  and a d e c is io n  must be made to  r e lo c a te  th e  c a t t l e .
The management d e c is io n s  p rocess  decided to  move the  c a t t l e  to  f i e l d  #4.
The t o t a l  above ground fo rage  in  f i e l d  #3 then s t a r t s  to  decrease  r a p id ly .
A f te r  th e  c a t t l e  leave  f i e l d  #3 ABM and SD in c rease  to peak va lues
which a r e  much l e s s  than th e  peak values  found in  f i e l d  #2. In  the
second y e a r  the c a t t l e  a re  aga in  p laced on f i e l d  #3 in  April  and
promptly s t a r t  e a t in g  the  s ta n d in g  dead and l i t t e r  in  f i e l d  --3. Within
two months the amount o f  g r a s s  i s  i n s u f f i c i e n t  fo r  g raz ing  and a d e c is ion
must be made to  r e lo c a te  th e  c a t t l e .  In checking f i e l d  #4 the de c is io n
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process notes th a t  the  t o t a l  above ground forage i s  l e s s  than 150 gm/m 
and d ec id es  to move the c a t t l e  to  the feed l o t ,  permanently. A f te r  
p u t t in g  th e  c a t t l e  in  the  feed  l o t ,  f i e l d s  #3 and #4 respond to  the 
a v a i l a b le  s o i l  m o is tu re  and grow peak values of ABM s im i la r  to the 
peak ABM observed i n  f i e l d  #2 fo r  t h a t  year.  This d isc u ss io n  demonstrates 
how g raz in g  management p o l i c i e s  d e c is io n s  d ram a tic a l ly  in f luence  the 
herbage dynamic in f i e l d s  #3 and #4.
F ig u re  83 p re se n ts  the time s im u la t ion  of l iv e  below ground biomass 
(BBM) fo r  the d i f f e r e n t  f i e l d s .  The BBM time s e r i e s  fo r  f i e l d s  #2, #3 
and #4 d ec reases  s i g n i f i c a n t l y  fo r  the  f i r s t  yea r ,  and continue to  
decrease  slowly during the second y e a r .  The below ground biomass increase  
fo r  a s h o r t  time period  in  th e  l a t e  sp ring  and e a r ly  summer and a ls o  in  
the  e a r ly  f a l l .  The in c re a s e  in e a r ly  summer and e a r ly  f a l l  i s  caused 
by an in c re ase  in  the  t r a n s f e r  of above ground photosynthate  m a te r ia l
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to  the below ground biomass. The below ground biomass in f ie ld  #1 
in c re a se s  d ram a tic a l ly  the  f i r s t  year  and then s t a b i l i z e s  by the end 
o f  the  second year .  A f te r  s t a b i l i z i n g  the BBM fo r  f i e l d  #1 tends to  
in c re a s e  during  the sp r in g  and summer and decrease  during the remainder 
o f  the  y e a r .  This in c re a s e  i s  caused by high t r a n s lo c a t io n  r a te s  of 
above ground pho tosyn thate  m a te r i a l  to  below ground biomass during the 
sp ring  and summer. The dec rease  in  BBM during the f a l l  and w in ter  i s  
caused by net r e s p i r a t i o n  ( t r a n s lo c a t io n  minus r e s p i r a t io n  i s  nega tive)  
du r ing  t h i s  time p e r io d .  Comparison of the  BBM curves fo r  the d i f f e r e n t  
f i e l d s  shows th a t  f i e l d  #1 has  the  h ig h es t  biomass. The BBM time 
s e r i e s  in  f i e l d  #2, #3 and #4 i s  very s im i la r ,  however, the biomass 
in  f i e l d  #2 i s  s i g n i f i c a n t l y  g r e a te r  than  f i e l d s  #3 and #4. This i s  
expected s ince  g raz ing  of f i e l d  #3 and #4 reduces the t ra n s lo c a t io n  of 
pho tosyn tha te  m a te r ia l  to  the  below ground biomass. Figure 84 p resen ts  
the  average s o i l  m ois tu re  fo r  the four  f i e l d s .  The most important 
f e a tu re  observed in  comparing the time s e r i e s  i s  th a t  f i e ld  #1 has the 
h igher  average value of s o i l  m ois ture  du r ing  the summer. This i s  
expected s ince  f i e l d  #1 i s  i r r i g a t e d  when the  a v a i l a b le  s o i l  moisture 
from 0-24 inches g e ts  below 1,5 in ch es ,  A comparison of the average 
s o i l  m ois ture  fo r  f i e l d s  #2, #3 and #4 shows th a t  th e re  is  very l i t t l e  
d i f f e r e n c e .  Comparing the  f i r s t  year  with the second year shows th a t  
th e  s o i l  m oisture  in  the e a r ly  summer i s  much h igher  in  the second year ,  
and causes the increased  growth observed in  f i e l d s  #2, #3 and #4, The 
low s o i l  m oisture  during the  summer months l im i t s  the growth of g rass  
i n  f i e l d s  #2, #3 and #4,
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F ig .  85, The average monthly l iv e  above-ground biomass, s tan d in g
dead biomass, and l i t t e r  fo r  f i e ld  #1 (a ) ,  and f i e l d  #2
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Fig . 86. The average monthly l iv e  above-ground biomass, standing
dead biomass and l i t t e r  fo r  f i e l d  #3 (a) and f i e ld  #4
(b) is  i l l u s t r a t e d .
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' Below ground biomass fo r  f i e l d  1
~ Below ground biomass fo r  f i e l d  -:.=2
”  Below ground biomass fo r  f i e l d  •>■3
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Fig . 87. The average monthly below ground biomass fo r  f i e ld  -“ I ,  
#2, #3 and #4 i s  shoim in th is  f ig u re .
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SD, LIT and BBM f o r  f i e ld s  #1, #2, #3 and #4. A comparison of the  peak 
va lu e s  of the above ground biomass for the d i f f e r e n t  f i e ld s  shows th a t  
f i e l d s  #1 and #2 has the h ig h es t  peak values  o f  ABM, w ith  the  h ig h es t  
v a lues  of ABM observed in  f i e l d  #1. This i s  expected s ince  f i e l d  #1 i s  
i r r i g a t e d  during low s o i l  m ois tu re  co n d it io n s ,  A comparison of the peak 
va lue  ABM in f i e l d s  #3 and #4 shows th a t  f i e l d  #4 has a s ig n i f i c a n t l y  
h ig h e r  peak v a lu e .  This r e s u l t s  because a t  the  beginning of each year 
the c a t t l e  are  f i r s t  put on f i e l d  #3, and are not moved to  f i e l d  #4
u n le s s  the forage i s  i n s u f f i c i e n t  in  f i e l d  #3, The most important
herbage dynamics demonstrated fo r  a l l  four  f i e ld s  i s  th a t  the  ABM 
in c re a s e s  to  a peak value  in  mid summer and decreases  r a p id ly  in  the 
f a l l  w ith  the t r a n s f e r  of ABM to  standing dead. The t r a n s f e r  of s tanding  
dead to  l i t t e r  during  the w in te r  months in f i e l d  #3 and #4 i s  shown by 
the  f a c t  t h a t  the  peak value of l i t t e r  lags  the  peak value of s tanding  
dead by four months. The average monthly below ground biomass curves 
f o r  th e  f i e l d s  show th a t  BBM in  f i e l d  #1 i s  d i s t i n c t l y  g r e a te r  than 
BBM in  the o ther  f i e l d s .  The below ground biomass fo r  f i e l d s  v2, #3
and #4 are very s im i la r ,  with the  average below ground l i v e  biomass
d ec reas in g  from f i e l d  #2 to  f i e l d  #4 to f ie ld  #3, The f a c t  th a t  f i e l d  #3 
has  the  lowest average biomass i s  caused by the f a c t  th a t  i t  i s  grazed 
more o f ten  than the  o th e r  f i e l d s .  The r e l a t i v e  d i f fe re n c e  between 
f i e l d  #1, #2, and #4 are  explained using arguments p rev ious ly  d iscussed .
APPENDIX E
APPENDIX E
RESULTS OF THE TESTING PROCEDURE PERFORMED 
ON THE ZOOLOGY MODEL
This appendix p re se n ts  the  r e s u l t s  of the te s t in g  procedure 
performed on the zoology model. The t e s t in g  demonstrates the response 
of the model to the inpu t v a r i a b le s  and the  dec is ion  making process 
t h a t  c o n tro ls  the  movement of c a t t l e .  This i s  accomplished by using  
th e  r e s u l t s  from a ten -y e a r  s im u la t io n  of the t o t a l  ecosystem model to  
demonstrate the feedback loops between the zoology model and the o v e ra l l  
ecosystem. The month-to-month v a r i a t i o n  of the  zoology parameters 
a re  shown fo r  the f i r s t  4 years  of the  time sim ulation  in  order to  
demonstrate the d e ta i le d  workings of t h i s  subsystem. The average monthly 
va lues  of zoology param eters  a re  presen ted  to i l l u s t r a t e  the long-term  
in fluence  of the range management p r a c t ic e s  upon the model.
Figure 88 p re se n ts  th e  fo u r-y e ar  time s e r ie s  of the number of 
g raz ing  and fee d lo t  c a t t l e ,  weight of the y e a r l in g  and fe e d lo t  c a t t l e  
a t  the end of each month and the amount of forage a v a i la b le  (ABM, SD, 
and LIT) in f i e l d s  #3 and #4. The g raz ing  c a t t l e  herd c o n s is ts  of 
breeding c a t t l e  herd (15,000) and y e a r l in g  c a t t l e  tha t  a re  born each 
sp r in g .  The breeding c a t t l e  are  o ld e r  than two years old and are  mated 
during the summer months of the prev ious y e a r .  The herd i s  located in  
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F ig .  88, A fo u r-y ear  s im u la t io n  o f  the number of g raz ing  and 
f e e d lo t  c a t t l e  ( a ) ,  the weight of the y e a r l in g  and 
f e e d lo t  c a t t l e  a t  the end of each month (b ) ,  and the 
amount of a v a i l a b l e  forage (LIT, ABM, and SD) fo r  
g raz ing  (c) is  p resented  in th is  f ig u re .
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y e a r l in g  c a t t l e  (range c a t t l e )  du r ing  the f i r s t  th re e  months of the 
sp r in g  (A p r i l ,  May, and Ju n e ) .  By the end of September the grazing 
c a t t l e  herd i s  taken o f f  the range . The y e a r l in g  c a t t l e  are  t r a n s fe r re d  
to f e e d lo t s  and the  breeding c a t t l e  are  t r a n s fe r r e d  to temporary s to rage  
lo c a t io n s  u n t i l  the  sp r in g .  The time s e r i e s  of the grazing c a t t l e  
(F ig .  88(a))  shows t h i s  sequence w ith  the number of grazing c a t t l e  
in c re a s in g  in the s p r in g ,  s t a b i l i z i n g  in  the summer months and then 
dec reas ing  to zero a t  the end of September. The t r a n s f e r  of yea r l ing  
c a t t l e  to  f e e d lo ts  shows up as the  d iscon tinuous  increase  in the number 
of f e e d lo t  c a t t l e  a t  the end of September. The fee d lo t  c a t t l e  gain  
weight and age in the f e e d lo ts  and are  s laugh te red  i f  they get o lder  
than 21 months or i f  they reach  th e  c r i t i c a l  age fo r  s laugh te ring . By 
the end of September the number o f  c a t t l e  increased  in response to 
the t r a n s f e r  o f  y e a r l in g  c a t t l e  in to  the f e e d lo t .  During the second 
year of the s im u la t io n ,  the number of f e e d lo t  c a t t l e  doubled in May 
w ith  the  e a r ly  t r a n s f e r  of y e a r l in g  c a t t l e  in to  f e e d lo t s .  The t r a n s fe r  
i s  i n i t i a t e d  by the lack of s u f f i c i e n t  forage in  f i e l d  #3 and v4 (see 
F igure  88 (c)) .  Six months l a t e r  the  number of fe e d lo t  c a t t l e  decreased 
by 15,000 as the  f i r s t  year y e a r l in g  c a t t l e  reached c r i t i c a l  weight for 
s la u g h te r in g .  The continuous time s e r i e s  of the number of feed lo t  
c a t t l e  i s  a func t ion  of when y e a r l in g  c a t t l e  a re  located  in the fee d lo t  
and when the y e a r l in g  c a t t l e  p laced  in  the f e e d lo t  reach th e i r  c r i t i c a l  
weight or age fo r  s la u g h te r in g .  The number of c a t t l e  in the grazing 
herd follow the same p a t t e rn  fo r  every year of the  four-year  sim ulation 
except fo r  the second year when th e re  i s  i n s u f f i c i e n t  forage in f i e l d s  
#3 and #4 to  support  the g raz ing  c a t t l e .  The chart  of the average 
weight of the  f e e d lo t  c a t t l e  shows a s e r i e s  of time segments with
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in c re ase d  average weights th a t  a re  p e r io d ic a l ly  in te r ru p te d  by discontinuous 
dec reases  in the average w eight. These decreases  in the  average weight 
a re  caused by the a d d i t io n  of l i g h t  weight y e a r l in g  c a t t l e  to  the 
fe e d lo t  o r  by the s la u g h te r in g  of fu ll-grown fee d lo t  c a t t l e .  The decrease 
due to  the  a d d it io n  of y e a r l in g  c a t t l e  is  demonstrated by the dramatic 
d ecrease  in the  average weight during  September of the  f i r s t  year 
s im u la t io n .  The decrease  in  the average weight o f  the  f ee d lo t  c a t t l e  
in  October of the second year of the  s im ulation  i s  caused by s laugh te r ing  
of the  y e a r l in g  c a t t l e  from the f i r s t  year.  S im i la r ly ,  the remainder 
of the  d iscon tinuous  decrease  in the average weight can be a t t r ib u t e d  
to  changes in  the number of fe e d lo t  c a t t l e .  In c re a se s  in  average weights 
of the  fe e d lo t  c a t t l e  are  caused by the continuous weight gain of c a t t l e  
in the  fe e d lo t  (50 lb s .  per month). The average w eight of the y e a r l in g  
g raz ing  c a t t l e  fo r  each year  show a continuous in c re ase  fo r  the 6-month 
period  of time they a re  on the g raz in g  f ie ld s  (50 lb . /m o n th ) .  While the 
g raz ing  c a t t l e  a re  on a graz ing  f i e l d  (16 x 16 sq. mi. f i e ld )  they consume 
31 lb s .  o f  g rass  per lb .  of  weight g a in .  S im i la r i ly  the f ee d lo t  c a t t l e  
consume 31 lb s .  of g ra ss  per  lb .  of weight ga in . The w ater  comsumption 
by f e e d lo t  c a t t l e  and g raz ing  c a t t l e  i s  not considered in  th is  model. The 
weight ga in  p a t t e rn  of the  y e a r l in g  c a t t l e  is  i d e n t i c a l  fo r  each year of 
the fo u r-y e a r  s im u la t ion  except fo r  the second year in  which the y e a r l in g  
c a t t l e  are  prem aturely t r a n s f e r r e d  in to  the f e e d lo t .  The e f f e c t  of the 
c a t t l e  on the a v a i la b le  forage in f i e ld  #3 and #  i s  demonstrated in  Figure 
8 8 (c ) .  In the sp ring  of the  f i r s t  year the forage in  f i e l d  #3 decreased 
u n t i l  the beginning of June when the c a t t l e  have e a ten  a l l  of the a v a i la b le  
fo ra g e .  The c a t t l e  a re  t r a n s fe r r e d  to f ie ld  -^4 and the  a v a i la b le  forage 
s ta r te d  to decrease  in th a t  f i e l d  u n t i l  the end of September. In the second 
y e a r  when the a v a i la b le  forage is  i n s u f f i c i e n t ,  the c a t t l e  are  not
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t ra n s fe r r e d  to f i e ld  #  because th e re  i s  no t s u f f i c i e n t  forage in  f i e ld
2
#4 ( le s s  than 150 gm/m ) .  Since the c a t t l e  are  in the  feed lo t  both 
f i e l d  4‘3 and #4 respond by in c re as in g  t h e i r  a v a i la b le  forage. The 
changes observed in  the a v a i la b le  forage fo r  year 3 and 4 are very s im i la r  
to  the changes observed in  year 1. I t  i s  i n t e r e s t i n g  to note th a t  in  the 
years  a f t e r  year  #2 the average a v a i l a b le  fo rage  in  both f ie ld s  decreases 
frcui year to  y e a r .  I f  t h i s  forage decrease  continued in to  year 5 the 
a v a i l a b le  fo rage  would reach  the c r i t i c a l  l e v e l  th a t  fo rces  the c a t t l e  to  
be prem aturely t r a n s fe r r e d  to the f e e d lo t s .
F igure  89 shows th e  average monthly number o f  feed lo t  c a t t l e  and 
graz ing  c a t t l e  and the average monthly weight o f  the fee d lo t  c a t t l e  and 
y e a r l in g  c a t t l e  a t  the end of each month. The r e s u l t s  show (Figure 89) 
th a t  the month of May has the h ig h e s t  average number of yea rl ing  c a t t l e .
The premature removal of the  graz ing  c a t t l e  because of in s u f f ic i e n t  
fo rage  causes the  average number o f  y e a r l in g  c a t t l e  in  the grazing f i e l d s  
to  decrease  a f t e r  May. The average monthly number of feed lo t  c a t t l e  
shows a peak in June and one in  October. The peak in  June is  caused by 
the e a r ly  t r a n s f e r  of g raz ing  c a t t l e  in to  the  fee d lo ts  while the peak in 
October i s  caused by the normal t r a n s f e r  o f  the  y e a r l in g  grazing c a t t l e  
in to  the f e e d lo t .  The sharp  decrease  in the  number of feed lo t  c a t t l e  in 
December i s  caused by the s la u g h te r in g  of y e a r l in g  c a t t l e  tha t  a re  t r a n s ­
f e r r e d  to  the f e e d lo ts  in October of the p rev ious  yea r .  The second minimum 
v a lue  of the number of f e e d lo t  c a t t l e  observed in  August and September i s  
produced by the s la u g h te r in g  of the  y e a r l in g  fe e d lo t  c a t t l e  prematurely 
p laced  in  the f e e d lo ts  during  the e a r ly  summer months. The average monthly 
w eight of the fee d lo t  c a t t l e  shows an in c re a s e  in  weight from November 
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F ig .  89, The average monthly number of grazing c a t t l e  and f e e d lo t  
c a t t l e  (a) and the average monthly weight of the y e a r l in g  
c a t t l e  and f e e d lo t  c a t t l e  a t  the end of each month (b) 
a re  i l l u s t r a t e d .
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of September and November. The sharp decrease  a t  the end of September 
i s  caused by the  t r a n s f e r  of y e a r l in g  g raz ing  c a t t l e  in to  the f e e d lo t s ,  
w h ile  the sharp decrease  a t  the  end of November i s  caused by the 
s la u g h te r in g  of the y e a r l in g  c a t t l e  from the previous y e a r .  The inc rease  
from November to  A pri l  i s  produced by the continuous weight ga in  by 
c a t t l e  in  the f e e d l o t s .  The average weight of the  y e a r l in g  c a t t l e  
in c re a s e s  while they a re  on the graz ing  f i e l d s  (A pril  through September). 
A minor e r r o r  in  the  computer program caused the  t o t a l  number of y e a r l in g  
c a t t l e  to be low by 5,000 fo r  year #7 of the ten  year s im u la t io n .  This 
e r ro r  does not s i g n i f i c a n t l y  in f lu en ce  any of the  r e s u l t s  p resented  in 
t h i s  s e c t io n .
The b reed ing  c a t t l e  consume 1 , 5 5 0  l b s .  of g rass  per month 
w hile  they are  g raz in g  w ith  the  y e a r l in g  c a t t l e .  They consume 9 3 0  l b s .  
of cu t  g rass  per month during  the remainder of the yea r .  The 1 , 0 0 0  
milk c a t t l e  in  the  milk c a t t l e  herd consume 3 0 0  l b .  of c u t  g rass  per 




RESULTS OF THE TESTING SCHEME PERFORMED 
ON THE EXECUTIVE ROUTINE
This appendix i s  concerned w ith  the t e s t i n g  procedure performed 
on the d e c is io n  making execu tive  model. The execu tive  model consis ts  
of th re e  submodels which inc lude  an a i r  p o l lu t io n  c o n tro l  submodel, 
water c o n t r o l  submodel and a range management submodel. These sub­
models a re  examined by running  s e n s i t i v i t y  an a ly ses  on them and by 
dem onstrating the in f lu en ce  of the  submodels on the  o v e ra l l  ecosystem.
Air P o l lu t io n  C ontro l Submodel 
The a i r  p o l lu t io n  c o n t ro l  model demonstrates s e n s i t i v i t y  of the 
model to  wind d i r e c t i o n ,  maximum a i r  p o l lu t io n  l e v e l s  perm itted  a t  
the m onitoring  p o in ts  and o b je c t iv e  fu n c t io n  c o e f f i c i e n t s .  I t  a lso  
considers  the  long term e f f e c t  of the  a i r  p o l lu t io n  c o n tro l  model upon 
the r e s u l t i n g  average annual a i r  p o l lu t io n  f i e l d .  The s e n s i t iv i ty  of 
the submodel t o  the  th ree  param eters mentioned above i s  demonstrated 
by a l t e r i n g  these  param eters  s e p a ra te ly  and observ ing  t h e i r  influence 
upon the  p roduc tion  le v e l  pe rm itted  fo r  each f a c to ry  and on the t o t a l  
i n d u s t r i a l  p ro d u c tio n . I t  i s  im portant to  note  th a t  t h i s  model assumes 
th a t  f a c to ry  p roduction  i s  d i r e c t l y  p ro p o r t io n a l  to  the  a i r  po l lu t ion  
em itted .  The i n i t i a l  c o n d it io n  fo r  a l l  of the  param eters  th a t  are set
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in  the a i r  p o l lu t io n  model a re  summarized in  Table 36 and 37. These 
t a b le s  show the maximum a i r  p o l lu t io n  lev e ls  perm itted  a t  a i r  p o l lu ­
t io n  m onitoring  p o in t s ,  the va lues  assigned to  th e  o b je c t iv e  function  
c o e f f i c i e n t s  fo r  each f a c to ry ,  the maximum a i r  p o l lu t io n  emission r a te s  
and the minimum p r o f i t a b l e  a i r  p o l lu t io n  emission r a t e s  for each fac to ry .  
The s e n s i t i v i t y  o f  the  model to  wind d i r e c t io n ,  maximum le v e l  of a i r  
p o l lu t io n  allowed a t  the  m onitoring po in ts  and the  o b je c t iv e  function  
c o e f f i c i e n t s  i s  shown by running 9 case s tu d ie s  in  which the parameters 
were v a r ie d  and the  e f f e c t  upon the production le v e l s  of the in d iv idua l  
f a c t o r i e s  and th e  t o t a l  system i s  observed and p resen ted  in Table 38, 
S p e c i f i c a l ly  Case #1 i s  the c o n tro l  case . Case #2-5 demonstrate the 
e f f e c t  of wind d i r e c t i o n ,  Case #6 and #7 show the  e f f e c t  of a l t e r i n g  
the  maximum a i r  p o l lu t io n  le v e l  pe rm itted ,  while  Case #8 and #9 show 
the  e f f e c t  of changing the  o b jec t iv e  functions  c o e f f i c i e n t s .  The 
o b je c t iv e  fu n c t io n  c o e f f i c i e n t s  a re  a measure of r e l a t i v e  worth o f  
the p roducts  produced by the in d iv id u a l  f a c t o r i e s .
The r e s u l t s  from case  s tu d ie s  #2 through #5 show th a t  by changing 
the  wind d i r e c t i o n  the production le v e ls  of the  in d iv id u a l  f a c t o r i e s  
vary  s i g n i f i c a n t l y .  As the  wind d i r e c t io n  s h i f t s  from 150 to  190 the 
t o t a l  p roduction  of the  f a c t o r i e s  increases  from 68% to 91%. The 
v a r i a t i o n s  observed in  the  production  lev e ls  w ith  the d i f f e r e n t  wind 
d i r e c t i o n s  a re  caused by the s p e c i f ic  lo ca t io n  of the a i r  p o l lu t io n  monitor­
ing p o in ts  r e l a t i v e  to  the  a i r  p o l lu t io n  source. For example, w ith  
case #5 the  p roduction  le v e l  i s  h ig h es t  because the a i r  p o l lu t io n  for 
most of the  f a c t o r i e s  does not flow over the a i r  p o l lu t io n  m onitoring 
p o in ts  w ith  the  wind d i r e c t i o n  from 190, while w ith  the wind d i re c t io n
T A B L E  3 6
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5 0
M a x i m u m  A i r  P o l l u t i o n  a t  t h e  A i r  P o l l u t i o n




















C o e f  f l e  i e n t s
#1 # 2 #3 #4
TABLE 37
Air Pollution Sources
#5 #6 #7 #8 #9 # 1 0 #11 #12 #13 #14 #15 #16
M a x i m u m  P r o d u c t i o n




level for the ith 
factory
units/sec)
25 25 25 2.5 25 180 180 180





460 460 70 70 70 70
207 207 31.5 31.5 31.5 31.5
^The value of (see air pollution control model) is set equal to one.
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Production Level (%) for Each Factory for the Sensitivity Analysis Case Studies
Case Studies
#1 Control Case 






WDR = 1 7 0
#5
I'TDR = 1 9 0
1 2 3 4 5 6 7 8 9  
100 100 100 0.0 0.0 0.0 100 100 98.5
100 100 100 100 100 0 .0  100 100 100
100 100 100 100 100 100 100 100 100
100 100 100 100 100 100 0 .0  0 ,0  100
100 100 100 100 100 100 100 0 ,0  100
10 11 12 13 14 15 16
100 100 100 100 100 100 0 .0
100 100 0.0 100 100 100 100
100 0.0 100 100 100 100 100
100 100 100 100 100 100 100
100 100 100 100 100 100 100
100 100 100 100 100 100 0 .0
#6 - Mx
Pollution Level
Increased (+30 mg/m )100 100 100 100 100 100 100 100 100
#7 - Mx
Pollution Level „
Decreased (-30 gm/m )100 100 100 0,0 0.0 0.0 76 100 69 100 0.0 69 100 100 100 0.0
#8 - Decrease 
Objective Function 
Coef. for Factory 
#12 ( - 2)
#9 - Increase 
Objective Function 
Coef. for Factory 
#6 (+4)
100 100 100 0.0 100 100 86 100 98.5 100 100 0.0 100 100 100 0.0














from 150 the  a i r  p o l lu t io n  from the  f a c t o r i e s  i s  adverted  toward some 
o f  the  a i r  p o l lu t io n  m onitoring p o in t s .  Thus i t  i s  im portant to  note 
t h a t  the lo c a t io n  of the m onitoring p o in ts  r e l a t i v e  to  the a i r  p o l lu t io n  
so u rces  and the  p re v a i l in g  wind d i r e c t i o n  w i l l  have a s ig n i f i c a n t  
in f lu e n c e  upon the e f f e c t  of the a i r  p o l lu t io n  c o n t ro l  model upon 
p ro d u c tio n  l e v e l  pe rm itted  and th e  r e s u l t i n g  a i r  p o l lu t io n  f i e l d .
Case s tudy  #6 dem onstrates th e  e f f e c t  of in c re a s in g  the  maximum
3
a i r  p o l lu t io n  l e v e l  perm itted  at the  m onitoring  p o in ts  by 30 ^g/m , 
w h ile  case s tudy  #7 shows the e f f e c t  of d e c re a s in g  the maximum a i r
3
p o l lu t io n  l e v e l  by 30 g/m . The r e s u l t s  show th a t  in c re as in g  the 
p o l lu t io n  l e v e l  causes the  t o t a l  p roduction  to in c re a se  from 85% to 
97% w hile  de c re a s in g  the maximum a i r  p o l lu t io n  le v e l  causes the t o ta l  
p roduc tion  l e v e l  to  decrease  to 52%. The f a c t  t h a t  dec reas ing  the
3
maximum a llow ab le  a i r  p o l lu t io n  c o n c e n t ra t io n  by 60 g/m produces a 
45% decrease  in  t o t a l  p roduction , emphasizes the economic importance 
o f  de te rm in ing  r e a l i s t i c a l l y ,  the maximum a i r  p o l lu t io n  le v e l s  for 
urban a re a s .
Case #8 dem onstra tes  the  e f f e c t  of d e c re a s in g  the  o b je c t iv e  func­
t i o n  c o e f f i c i e n t s  fo r  f a c to ry  #12, w hile  case  #9 shows the e f f e c t  of 
in c re a s in g  the  o b je c t iv e  function  c o e f f i c i e n t  of f a c to ry  #6, Decreasing 
the  c o e f f i c i e n t  fo r  f a c to ry  #12 causes  the  p roduction  l e v e l  in  fac to ry  
#12 to  go from 100% to 0% w hile  th e  p roduction  le v e l s  in  f a c t o r i e s  #5 
and #6 in c reased  from 0% to  100%. In c re a s in g  the o b je c t iv e  function  
c o e f f i c i e n t  fo r  f ac to ry  #6 enabled the p roduction  l e v e l  to increase  
from 0% to  100% w hile  the production  le v e l  a t  f a c to ry  #7 i s  lowered 
from 100% to  82%. I t  i s  i n t e r e s t i n g  to  no te  th a t  dec reas in g  the
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o b je c t iv e  fu n c t io n  c o e f f i c i e n t  of fac to ry  #12 causes the t o t a l  produc­
t io n  to  decrease  to  71% while increas ing  the o b je c t iv e  fu n c t io n  co­
e f f i c i e n t  f o r  f a c to r y  #6 caused the  production l e v e l  to  in c re a se  to 
92%. In  a r e a l  l i f e  s i t u a t i o n ,  the e f f e c t  of in c re as in g  or decreasing 
an o b je c t iv e  f u n c t io n  c o e f f i c i e n t  i s  equ iva len t to  making the  value 
judgment th a t  th e  p roduct produced by a f a c to ry  i s  e i t h e r  worth more 
or l e s s .  I f  one f a c to r y  has h igher  value fo r  i t s  o b jec t iv e  func t ion  
c o e f f i c i e n t  than a n o th e r  f a c to ry ,  then an equ iva len t  s ta tem ent i s  that 
the  a i r  p o l lu t io n  from one fa c to ry  i s  more c r i t i c a l l y  a s so c ia te d  with 
the economy of th e  community than the a i r  p o l lu t io n  from the o th e r  
sources . Thus f a c t o r i e s  t h a t  produce products of high r e l a t i v e  valv '' 
have p refe rence  i n  th e  a l l o c a t io n  of a i r  p o l lu t io n  emission r a t e s .
In case  #8, the d e c i s io n  th a t  the  product produced a t  fac to ry  #12 is  
of low r e l a t i v e  v a lu e  causes the  a i r  p o l lu t io n  c o n tro l  model to  determine 
t h a t  the  product volume produced a t  fac to ry  #12 i s  decreased in  preference 
to  p roduction  by f a c t o r i e s  #5 and #6. This d e c is io n  causes the t o t a l  
p roduction  f o r  th e  c i t y  to decrease  from 85% to  71%, w ith  the j u s t i f i ­
c a t io n  th a t  the p ro d u c ts  o f  f a c t o r i e s  #5 and #6 a re  more v a lu a b le  to 
the t o t a l  system than  the p roducts  of fac to ry  #12. Cases #8 and #9 
demonstrate the im portance of a ss ign ing  r e l a t i v e  economic va lues  to  the 
d i f f e r e n t  f a c t o r i e s .
The e f f e c t  o f  th e  a i r  p o l lu t io n  con tro l  model upon the average 
a i r  p o l lu t io n  l e v e l  in  the c i t y  i s  shown in  F igure  90, which i l l u s t r a t e s  
the average annual a i r  p o l lu t io n  f i e l d  generated w ith  a l l  the fa c to r ie s  
in  o p e ra t io n  a t  100% production  and the average a i r  p o l lu t io n  f i e l d  





AIR POLLUTION CONTOURED EVERY 30 gm/m^
F ig .  90. A comparison of the  average annual SO2 a i r  p o l lu t io n  f ie ld s  for 
u n co n tro l led  (a) and c o n tro l le d  (b) a i r  p o l lu t io n  emission ra te s  
a re  p re se n te d .  The uncon tro lled  a i r  p o l lu t io n  f i e l d  is  
determ ined by using  a two-year s im ula tion  of the a i r  po l lu t ion  
submodel in which the a i r  p o l lu t io n  emission r a te s  a re  constan t.  
The c o n t ro l le d  a i r  p o l lu t io n  f i e l d  is  determined by using a two 
year s im u la t io n  in  which the a i r  p o l lu t io n  c o n tro l  model 
in f lu e n c e s  the  a i r  p o l lu t io n  emission r a t e s .  The lo ca t io n  of the 
a i r  p o l lu t io n  sources and the a i r  p o l lu t io n  emission ra te s  
s im u la te  the SOg a i r  p o l lu t io n  in  Houston, Texas.
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The most im portant e f f e c t  observed in comparing the  two a i r  p o l lu t io n  
f i e l d s  i s  t h a t  the a i r  p o l lu t io n  f ie ld  d i r e c t l y  to  the n o r th  and south 
of the c e n te r  of maximum a i r  p o l lu t io n  c o n c e n tra t io n  i s  lower fo r  the 
case where the a i r  p o l lu t io n  c o n tro l  model i s  used. This in d ic a te s  
th a t  when the wind d i r e c t i o n  i s  from the north  or south some of the 
f a c to r i e s  have t h e i r  p roduction  leve ls  decreased because of excessive 
a i r  p o l lu t io n  l e v e l s .  When the wind d i r e c t io n  i s  from the e a s t  or 
the w est, the a i r  p o l lu t io n  c o n tro l  model does not s ig n i f i c a n t l y  reduce 
the production  le v e ls  of the  f a c to ry .  These r e s u l t s  a re  explained by 
the p a r t i c u l a r  lo c a t io n  of the  a i r  p o l lu t io n  monitoring p o in ts  and 
c lim ato logy  wind ro se  fo r  Oklahoma City.
Seasonal e f f e c t s  upon the  production le v e l  of the f a c to r i e s  
reg u la te d  by th e  a i r  p o l lu t i o n  co n tro l  model i s  demonstrated by a 
two-year s im u la t io n  i n  which the average monthly production  le v e l  fo r  
the c i t y  i s  determ ined (see Table 39). The r e s u l t s  show th a t  the  lowest 
production  le v e ls  a re  observed in  February, March and A p r i l ,  w hile  the 
maximum production  l e v e l s  a re  observed i n  May, June and J u ly .  I n t e r p r e ­
t a t i o n  of th ese  r e s u l t s  i s  d i f f i c u l t  because there  are  many fa c to rs  
th a t  could in f lu e n ce  the  r e s u l t s .  Tv7o o f  the  most important f a c to rs  
are 1) th a t  th e  a tm ospheric s t a b i l i t y  changes as a function  of the time 
of yea r  and 2) t h a t  c lim a to logy  wind rose changes as  a func t ion  of 
the time of y e a r .  S ta b le  atmospheric cond it ions  fo rce  the production 
l e v e l  to  be decreased  because of higher a i r  p o l lu t io n  l e v e l s ,  while  
u n s ta b le  atm ospheric c o n d i t io n s  enable production le v e ls  to  be high 
because the a i r  p o l lu t io n  i s  d ispe rsed  over a much l a r g e r  volume 
(reduce a i r  p o l lu t io n  l e v e l ) .  The e f fe c t  of changing wind d i r e c t i o n
T A B L E  3 9
Average monthly production levels for the city^ (% of total production capacity)
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Production
Level (%) 1-Yr. 85 76 81 77 85 87 84 85 79 79 78 87
Production
Level (%) 2-Yr 83 86 79 76 89 86 89 76 86 88 84 84
2-Year
Average 84 81 80 77.5 87 86.5 86.5 80.5 82.5 83.5 81 85.5 5
^The results are determined from a two-year simulation of the air pollution control model.
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upon production  le v e l s  has a l r e a d y  been dem onstrated . In  in te r p r e t i n g  
these  r e s u l t s  i t  i s  most l i k e l y  t h a t  the low production  le v e ls  in  
February , March and A p r i l  a re  caused by the  r e l a t i v e l y  s ta b le  atmospheric 
c o n d i t io n s ,  w hile  the  h igh  l e v e l s  of production  in  May, June and Ju ly  
a r e  caused by a h igh frequency of u n s ta b le  atmospheric c o n d it io n s .
The im p l ic a t io n  o f  such knowledge fo r  i n d u s t r i a l  p lann ing  would seem 
to  be im portan t .
Water C on tro l  Submodel 
The w a te r  c o n t ro l  model i s  t e s t e d  by running a s e n s i t i v i t y  
a n a ly s i s  and dem onstra ting  the  e f f e c t  of w ater  management d ec is io n s  
upon the o v e r a l l  ecosystem. The s e n s i t i v i t y  of the model to  the  o b jec t ive  
func t ion  c o e f f i c i e n t s  and maximum amount of water pe rm itted  to  flow 
ou t of the  lake  i s  dem onstrated  by changing these  param eters  s e p a ra te ly  
and observ ing  t h e i r  in f lu e n c e  upon the  r a t i o  of the  w ater  a l lo c a te d  to  
th e  consumers to  the w ater  d e s i r e d  by the consumers ( in d u s t ry ,  c i t y  and 
a g r i c u l t u r e ) ,  the  a g r i c u l t u r e  w ater  p o l lu t io n  le v e l  and the a c tu a l  
water flow from the  dam. The r e s u l t s  a re  summarized in  Table 40, while 
th e  va lues  fo r  the  c o n t ro l  pa ram ete rs  in  the  water c o n t ro l  model are  
p resen ted  in  Table 41. The s e n s i t i v i t y  a n a ly s i s  i s  performed by running 
s i x  case s tu d ie s  in  which case  study #1 i s  the c o n tro l  ca se ,  case study 
#2 through #4 vary  the  maximum w ater  flow from the dam, while case 
s tu d ie s  #5 and #6 change th e  o b je c t iv e  func t ion  c o e f f i c i e n t s .  The 
r e s u l t s  fo r  case #2 show t h a t  w i th  maximum flow r a t e  from the dam se t  
equal to 7000 c fs  the  w a te r  demands of the  consumers and the water 
p o l lu t io n  em ission r a t e s  d e s i r e d  by the consumers a re  allowed without
TABLE 40
R e s u l t s  f r o m  t h e  S e n s i t i v i t y  A n a l y s i s  o f  W a t e r  C o n t r o l  M o d e l
Case Studies
#1 - Control Case 
Max VJFD = 5000 CFS
#2 - Max \- IF D = 7000 (CFS)
#3 - Max W D  = 6000 (CFS)
#4 - Max WFD = 4500 (CFS)
#5 - Decrease Objective 
Function Coef. for 
Agricultural Use (-1.)
#6 - Increase Objective 
Function Coef. for 
Industrial Use (+2.)
R a t i o  o f  t h e  w a t e r  a l l o c a t e d  
t o  t h e  w a t e r  d e s i r e d  f o r
^Municipal Agricultural Industrial Pollution 
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any r e s t r i c t i o n s .  The r e s u l t s  a ls o  show th a t  6865 c f s  of w ater i s  
a l l  of the water t h a t  i s  needed to  s a t i s f y  the demands of the  consumers. 
This fac t  i s  v e r i f i e d  because the w ater management model only needed 
6865 cfs  of the 7000 c f s  of w ater  th a t  i s  a v a i la b le  from the lake to 
s a t i s f y  the water demands for a l l  the  consumers. Comparing th is  with  
case  #1 shows th a t  in  case  #1 the  i n d u s t r i a l  w a te r  use i s  l im ited  and 
th e  a g r i c u l t u r a l  w ater  p o l lu t io n  r a t e  i s  reduced. The d if fe re n c e  
between case #1 and #2 i s  a t t r i b u t e d  to  the  f a c t  t h a t  in case #1 th e re  
i s  i n s u f f i c i e n t  w a te r  flowing from the dam to s a t i s f y  the water needs 
of a l l  of the  consumers. S im i la r ly ,  a comparison of the case #2 with  
cases  #3 and #4 shows th a t  the a g r i c u l t u r a l  water p o l lu t io n  r a t e  i s  the 
f i r s t  parameter to  be reduced by a reduc tion  o f  the  water flow from 
the lake ,  w hile  w ith  f u r th e r  r ed u c t io n  of the w a te r  a l lo c a te d  to indus­
t r y  i s  l im ite d .
Comparing the  r e s u l t s  fo r  case  #5 with  case #1 shows th a t  by 
dec reas ing  the  va lue  o f  the  o b je c t iv e  function  fo r  a g r i c u l tu r e  w a te r , 
the  water a l lo c a te d  to  a g r i c u l tu r e  i s  reduced from 100% to  33%, while 
th e  w ater a l lo c a te d  to  the  in d u s try  i s  increased . For case #6 the 
o b je c t iv e  func t ion  c o e f f i c i e n t  fo r  ind u s try  is  in c reased .  Making t h i s  
change produced r e s u l t s  th a t  a re  i d e n t i c a l  to the  r e s u l t s  in  case #5.
I t  i s  not s u rp r i s in g  t h a t  in c re as in g  the  o b jec t iv e  function  c o e f f ic i e n t  
fo r  in d u s try  has the  same e f f e c t  as  decreasing the c o e f f i c i e n t  for 
a g r i c u l t u r a l  w ater  u se .  Studying the r e s u l t s  fo r  th e  s ix  case s tud ie s  
shown th a t  fo r  a l l  of the  case s tu d ie s  the  use of w ater  by the c i ty  
remained a t  the peak r a t e .  This shows th a t  the c i t y  water use is  
l e a s t  s e n s i t iv e  to  v a r i a t i o n s  of th e  parameters a l t e r e d  in  t h i s  s e n s i t i ­
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v i t y  a n a ly s i s .  This occurs  because municipal w ater p o l lu t io n  r a t e s  
a re  low enough such t h a t  they do no t r eq u ire  as much excess water to  
d i l u t e  th e  w ater  p o l lu t i o n  th a t  i s  em itted  by the c i t y .  The s e n s i t i v i t y  
a n a ly s is  shows th a t  changing the  r e l a t i v e  values of water u t i l i z a t i o n  
can cause d ram atic  s h i f t s  in  the  a l l o c a t io n  of w ater  to  the consumer. 
Choosing va lues  f o r  th e  o b je c t iv e  fu n c t io n  c o e f f i c i e n t s  in  the w ater  
management model i s  e q u iv a le n t  to  the  r e a l  l i f e  problem of decid ing  
which consumers c o n t r ib u te  more to  the  t o t a l  system through t h e i r  
u t i l i z a t i o n  of w ater  r e s o u rc e s .
S im ula tion  R esu lts
The e f f e c t  of w a te r  c o n t r o l  model upon the o v e ra l l  ecosystem i s  
dem onstrated by p re s e n t in g  the r e s u l t s  from a ten -y e a r  s im ula tion  o f  
the  o v e ra l l  ecosystem model. The parameters th a t  a re  s tud ied  inc lude :
1) the  average monthly va lues  of water d e s ire d  by the consumers 
and the  average  monthly w ater  p o l lu t io n  emission r a t e s  
d e s i re d  by a g r i c u l t u r e ,
2) the  average monthly va lues  of r a t i o  of the  w ater received 
by the  consumers to  the  w ater  des ired  by the consumers and 
the  r a t i o  of the  w ater  p o l lu t io n  emission r a t e  allowed to 
the  w ater p o l lu t io n  em ission r a t e  d e s ire d  by a g r i c u l tu re ,
3) the  te n -y e a r  t re n d  of the d e s ire d  water consumption by 
consumers,
4) a te n -y e a r  t re n d  in  the  r a t i o  of the w ater  consumption
to  w ater  demand and the  r a t i o  of the w ater  p o l lu t io n  rece ived  
by a g r i c u l t u r e  to  the w a te r  p o l lu t io n  d e s ire d  by a g r i c u l tu r e .
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5) the  average  monthly lake l e v e l  and a t e n -y e a r  tren d  in  the 
y e a r ly  average  lake  le v e l ,
6) average monthly values of w ater  flow from the lake  and a 
te n -y e a r  t re n d  in  average annual water flow from the  lak e .
The r a t i o  of th e  w a te r  p o l lu t io n  r a t e  rece ived  by the c i t y  and industry  
to  the water p o l lu t i o n  r a t e  des ired  by them i s  no t  p resen ted  because 
t h i s  r a t i o  has the same va lue  as  the r a t i o  of the  w ater rece ived  to 
th e  water d e s i re d  by the  c i t y  and in d u s t ry .  Tables 41, 42 and 43 
p re se n t  the v a lu e s  f o r  the  co n tro l  c o e f f i c i e n t s  th a t  a re  used in  the 
ten -y e a r  s im u la t io n .  The maximum w ater  u t i l i z a t i o n  r a t e  fo r  the 
consumers and w a te r  p o l lu t io n  r a t e s  by the  consumers changed in 
s im u la t ion  w ith  t im e , however, the minimum va lues  for these  c o e f f ic i e n t s  
a re  the  same as  th o se  p resen ted  in Table 41 (minimum w ater  p o l lu t io n  
emission r a t e  and w a te r  demand by a g r i c u l t u r e  i s  s e t  equal to  1/3 
th e  d es ired  r a t e ) .
F igure  91 shows the  average monthly values  o f  the  w ater  demand 
by the consumers and the  d e s ire d  w ater  p o l lu t io n  emission r a t e  by 
a g r i c u l t u r e .  The r e s u l t s  show the flow r a t e  d e s ire d  by in d u s t ry  and 
the  c i t y  in  t h i s  t e s t  a re  constan t throughout the  yea r ,  w hile  the 
i r r i g a t i o n  w a te r  need by a g r i c u l tu re  in c re ase s  in  the sp ring  to a peak 
va lue  in Ju ly  and then  d ec reases  in  the  f a l l .  The water demand for 
i r r i g a t i o n  peaks in  the  summer since t h i s  i s  the  time of year when 
s o i l  m ois tu re  d e p le t io n  i s  the g r e a t e s t .  The w a te r  p o l lu t io n  needed 
by a g r i c u l tu r e  has two peaks w ith  one in  June and Ju ly  and the o ther  
in  October and November. The water p o l lu t io n  genera ted  by a g r i c u l tu re  
comes from the  f e e d lo t s  a d jacen t  to the  r iv e r s  and thus the water
TABLE 42
The Maximum Flow Rate from the Dam as Function of Lake Level
Maximum 
Water Flow 
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9 0 0 0
Feb
9 0 0 0
Mar
9 0 0 0
TABLE 43
Controlled Flow into the Dam (cfs)
A£T
9 0 0 0
May
7 0 0 0
Jun
7 0 0 0
Jul
6 0 0 0
Aug
6 0 0 0
Sep
7 0 0 0
Oct
9 0 0 0
Nov
9 0 0 0
Dec
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F ig . 91. This f ig u re  p re se n ts  the average  monthly water flow r a te s  
d e s i re d  by the c i t y  and in d u s t ry  ( a ) ,  and a g r ic u l tu re  (b) 
and a l s o  the d e s ire d  water p o l lu t io n  emission r a te  fo r  
a g r i c u l t u r e  (b).
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p o l lu t io n  le v e l  i s  a d i r e c t  func t ion  o f  the  number of c a t t l e  in  the 
f e e d lo t .  Comparing these  r e s u l t s  w ith  the r e s u l t s  in  F igure  38 
(Appendix E) show t h a t  the  peak values  of w a te r  p o l lu t io n  correspond to  
the  peak va lu e s  in  the  average number of c a t t l e  on the f e e d lo ts .
F ig u re  92 p re se n ts  the average monthly r a t i o  of the  water received 
by the consumers and a lso  the s im ila r  r a t i o  of the w ater  po llu tion  
r a t e s  a l l o c a t e d  fo r  a g r i c u l tu r e  to the water p o l lu t io n  d e s ire d  by 
a g r i c u l t u r e .  The r e s u l t s  fo r  w ater consumption by the c i t y  and 
a g r i c u l t u r e  show th a t  the  r a t i o  i s  equal to  1 fo r  the complete year.
This i n d i c a t e s  t h a t  the w ater  received by the c i t y  and by ag r ic u l tu re  i s  
always equa l to  the  w ater  d es ired  by them. The average monthly r a t io s  
of the w a te r  rece iv ed  by in d u s try  to the  w ater  d e s ire d  by industry and 
r a t i o  of w a te r  p o l lu t io n  r a t e s  allowed for a g r i c u l tu r e  to  the  water 
p o l lu t io n  r a t e s  d e s ire d  by a g r i c u l tu r e  show th a t  they a re  l e s s  than 
one fo r  th e  whole y ea r  and changes s ig n i f i c a n t l y  w ith in  the year. These 
r e s u l t s  show th a t  th e  water a l lo c a te d  to in d u s try  i s  a t  i t s  peak value 
i n  the w in te r  and sp ring  months and reaches minimum va lues  in  September, 
October and November. Changes in the water a l l o c a t io n  fo r  industry  
a re  r e l a t e d  to  the  a v a i l a b i l i t y  of water which i s  a d i r e c t  function 
of the average lake le v e l  ( a t  lower lake le v e l s  the w ater  flow from 
th e  dam i s  reduced) .  During the sp r in g  months the average lake  level i s  
a t  i t s  peak and the a v a i l a b i l i t y  o f  water i s  in c re ase d ,  w hile  during the 
f a l l  the  lak e  l e v e l  i s  lower and w ater  flow from the dam i s  reduced.
The r a t i o  of a c tu a l  w a te r  p o l lu t io n  r a t e  to  the water p o l lu t ion  
r a t e  d e s i r e d  by a g r i c u l tu r e  i s  at i t s  peak va lue  in  the spring  and 
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F ig .  92. This f ig u re  p re se n ts  the average monthly values of the r a t i o  
of the water rece ived  by the  c i t y ,  industry  and a g r i c u l tu re  
CO the water d e s ire d  by the  c i t y  ( a ) ,  industry  (b),  and 
a g r i c u l tu r e  (c) and a lso  a s im i la r  r a t i o  of the water 
p o l lu t io n  emission allowed fo r  a g r i c u l tu re  to the water 
p o l lu t io n  emission ra te  d e s i re d  by a g r i c u l tu re  (d).
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the r a t i o  a rc  a t t r i b u t e d  to v a r i a t i o n s  in  the lake  le v e l  and the f a c t  
t h a t  th e  average a g r ic u l tu re  water p o l lu t io n  r a t e  i s  a t  i t s  peak va lue  
in  October and November,
F ig u re  93 shows the  average monthly flow r a t e  of w ater  from the 
dam. The peak va lu e s  occur du r ing  June and October and November. These 
two peaks occur because of in c re a se s  in  the  w a te r  demand by a g r i c u l tu re  
du r ing  th ese  time p e r io d s .  The June peak i s  caused by an inc rease  in  
the  w ater  p o l lu t io n  emission r a t e s  by a g r i c u l t u r e  and an in c re ase  in  
the  i r r i g a t i o n  w ater  demand. In c re a s in g  w ater  p o l lu t io n  r a t e s  re q u i re s  
an in c re a s e  in  the  r i v e r  flow r a t e s  so t h a t  the  w ater  p o l lu t io n  
c o n c e n t ra t io n  l e v e l  w i l l  not exceed the c r i t i c a l  l e v e l .  The October 
and November peak v a lues  in flow r a t e  a re  caused by the in c re a se  in  
the  w a te r  p o l lu t io n  emission r a t e  d e s i re d  by a g r i c u l tu r e  during  October 
and November. Comparing the average monthly water p o l lu t io n  flow r a t e s  
d e s i r e d  by a g r i c u l t u r e  with the  average monthly flow r a t e s  from the 
lake  shows th a t  th e re  i s  a one-to-one  c o r r e la t io n  between changes in  
the  w a te r  p o l lu t io n  emission r a t e  and changes in  the  flow r a t e  from 
the  la k e .
F ig u re  94 shows the  average monthly lake  l e v e l  fo r  the  ten -year  
s im u la t io n .  The r e s u l t s  in d ic a te  th a t  the  peak lak e  l e v e l  occurs in  
May w hile  the  minimum lake le v e l  occurs i n  November. The lake le v e l  
i s  h ig h e s t  in  the  sp r in g  because of an accum ulation of ru n o ff  from the 
sp r in g  r a i n f a l l ,  low lake  evapora tion  r a t e s  u n t i l  June and the f a c t  
t h a t  w a te r  i s  coming in to  the dam a t  a f a s t e r  r a t e  than leav ing  the lake 
du r ing  the  l a t e  w in te r  and sp r in g  months (compare F igu re  93 w ith  Table 43), 
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F ig .  93. The average monthly va lues  of the flow r a te s  in  the  r i v e r  j u s t  
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F ig .  94. The average monthly lake le v e l  is  p resen ted  fo r  the ten  
y ea r  s im u la t io n .
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high lake  evapora tion  r a t e s  during  the summer, r e l a t i v e l y  low r a i n f a l l  
d u r in g  the  pe riod , and an in c re ase  in  the  w ater  demand by a g r i c u l tu r e .
F ig u re  95 p re se n ts  th e  average yea rly  demand f o r  w ater  by the 
consumer and w ater  p o l lu t io n  by a g r i c u l tu r e .  The w a te r  demand by 
in d u s t r y  and the  c i t y  shows a continuous in c re ase  w ith  time. The 
in c r e a s e  in  the  water demand by the c i t y  i s  produced by a 20% inc rease  
i n  the  p opu la t ion  of the  c i t y ,  w h ile  the  in c re ase  in  the  i n d u s t r i a l  
w a te r  needs i s  caused by a 50% inc rease  in  the number o f  i n d u s t r i e s .
The in c r e a s e  in  the c i t y  p opu la t ion  and the number of i n d u s t r ie s  are  
e s t im a te d  by looking a t  the  r e s u l t s  of the c o n tro l  case study fo r  the 
Urban Model presen ted  in  Appendix C, The demand f o r  a g r i c u l tu r e  i r r i ­
g a t io n  w a te r  shows minor o s s i l a t i o n  w ith in  the te n -y e a r  p e riod . Years 
w ith  r e l a t i v e l y  low demand fo r  i r r i g a t i o n  w ater  have more favorab le  
s o i l  m o is tu re  c o n d i t io n s .  The ten -y ear  trend  f o r  d e s i re d  water 
p o l lu t i o n  em ission r a t e s  by a g r i c u l tu r e  shows s i g n i f i c a n t  year to  year 
v a r i a t i o n  which are  caused by changes in  the  average number of c a t t l e  
i n  the  f e e d l o t s .  In p a r t i c u l a r ,  years #2, #6 and #9 have the h ig h es t  
average number of c a t t l e  because the  e a re  years when the grazing 
c a t t l e  a re  prem aturely  removed from the g raz ing  a re a  and put in  the 
f e e d l o t s  (see Table 47 ) .
The ten -y e a r  trend  in  the lake le v e l  (Figure 9 6 (b ))  shows th a t  the 
lake  l e v e l  dec reases  c o n t in u a l ly  w ith  g r e a t e s t  dec rease  occurr ing  from 
year  4 to  year  7. The lak e  l e v e l  then s t a b i l i z e s  in  the n in th  and ten th  
y e a r .  The decrease  in  the  lake  lev e l  i s  caused by an in c re ase  in the 
w ater  demand by the c i t y  and in d u s try  and a lso  because the lake i s  
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F i g . 95. The average y e a r ly  demand fo r  v;ater by the c i ty  and 
ind u s try  ( a ) ,  by a g r i c u l tu r e  (b) and the demand fo r  
water p o l lu t io n  by a g r i c u l tu re  (c) is presented  fo r  
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F ig .  96. The average y e a r ly  w ater  flow r a t e  below the dam (a) and 
the average y e a r ly  lake le v e l  (b) a re  presented f o r  the  
ten  y ea r  s im u la t io n .
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The sharp dec rease  in  th e  lake  l e v e l  from year 4 through year 6 
corresponded very w e l l  w ith  the sharp inc rease  in  the  flow of water 
from the lak e  (see F igu re  9 6 (a ) ) .  The increase  i n  the  w ater flow from 
th e  dam is  to  a g r e a t e r  ex te n t  caused by the  increase  in  the w ater 
demand by the  c i t y  and in d u s t ry .  The le v e l in g  o f f  o f  the  lake le v e l  
a f t e r  year 7 i s  produced because a continued decrease in  the lake l e v e l  
t r i g g e r s  a mechanism in  the water c o n tro l  model th a t  l im i t s  the amount 
o f  w ater  allowed to  flow out of the dam. Thus, by the  ten th  yea r ,  the 
w a te r  pe rm itted  to  flow from the dam i s  l im ited  t o  such an ex ten t  t h a t  
th e  lake l e v e l  i s  s t a b i l i z i n g .
F igure  96 (a) p r e s e n ts  the average flow rate  of water from the 
l a k e .  In the  f i r s t  6 y e a rs  th e re  i s  a gene ra l  in c re as in g  tendency in 
th e  water flow from the  dam. This in c re a s e  i s  caused by the steady 
in c re a s e  in  the w ater  demands by in d u s t ry  and the c i ty  (F igure  95 ) .  
There i s  a temporary d e c re a se  in  the w ater  flow from the dam in  year 
3 which is  caused by a s ig n i f i c a n t  decrease  in  the  annual water p o l lu ­
t i o n  r a t e  d e s i re d  by a g r i c u l t u r e  (see F igu re  95). The decrease  in the 
f low r a t e  from the dam a f t e r  year 6 i s  produced by the  decrease  in  the 
lak e  le v e l  t h a t  a u to m a t ic a l ly  l im i t s  the  amount o f  w ater perm itted 
to  flow out of the dam. The i n te r a c t io n  between the flow r a t e  from 
th e  dam and the lake l e v e l  tends to  s t a b i l i z e  the flow r a t e  from the 
dam and the lake  l e v e l .
F igure 97 shows th e  ten -y e a r  trend  in  the average annual r a t i o  
o f  the w ater  rece ived  by the consumers to  the  water d e s ire d  by the 
consumer, and the r a t i o  fo r  the  water p o l lu t io n  emission ra te  perm itted  
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F ig .  97, The average y e a r ly  v a lu e s  of the r a t i o  of water received
by the c i t y ,  in d u s try  and a g r i c u l tu r e  to the w ater  d e s ire d  
by the c i t y  ( a ) ,  i n d u s t ry  (b ),  and a g r i c u l tu re  (c) and 
a ls o  the r a t i o  of the water p o l lu t io n  allowed by a g r i c u l tu r e  
to the  water p o l lu t io n  d e s ire d  by a g r i c u l tu re  (d) is  
p resented  fo r  the ten  yea r  s im u la t io n .
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The r e s u l t s  show the r a t io  o f  the  w ater  used to  the  water d es ired  fo r  
c i t y  use and a g r i c u l t u r a l  i r r i g a t i o n  remains a t  1 fo r  a l l  ten  y e a rs .
Thus du r ing  the ten -year  period  the  water needs fo r  the c i t y  and 
a g r i c u l t u r a l  i r r i g a t i o n  are  completely s a t i s f i e d .  The r a t i o  fo r  i n d u s t r i a l  
w a te r  demand i s  one for the f i r s t  seven y ears  and then continued to  
decrease  s t e a d i l y  f o r  the nex t th re e  y e a rs .  The re d u c t io n  of a v a i la b le  
w a te r  flow from the lake i s  re sp o n s ib le  fo r  t h i s  d e c re a se .  The r a t i o  
o f  the  w a te r  p o l lu t io n  emission r a t e  pe rm itted  to  the w ater  p o l lu t io n  
emission r a t e  d e s i re d  by a g r i c u l tu r e  s ta y  a t  1 f o r  the f i r s t  four  years 
and then d e c re a se s  to  .55 by the te n th  year. A temporary inc rease  in 
th e  r a t i o  du r ing  year 8 (see  F igure  95) i s  caused by a s ig n i f i c a n t  
red u c t io n  in  the  average number of f e e d lo t  c a t t l e  fo r  t h a t  y ea r .  I t  
i s  i n t e r e s t i n g  to  note  th a t  the  r a t i o  of the w a te r  p o l lu t io n  received  
to  the w a te r  p o l lu t io n  d e s ire d  by a g r i c u l t u r e  i s  th e  f i r s t  r a t i o  to  
be a f f e c te d  by l im it in g  the water supply , w hile  the r a t i o  of the water 
rece ived  t o  the w ater  d es ired  by in d u s try  i s  the  second r a t i o  to be 
in f lu e n c e d .
In  a r e a l  l i f e  s i t u a t i o n ,  the f a c t  th a t  in d u s t ry  i s  not allowed to 
have the  w a te r  supply needed, would poss ib ly  cause in d u s t ry  to  c lo se  
down some o p e ra t io n s  and to move to  a more fav o ra b le  a re a .  This could 
have a d e v a s ta t in g  e f f e c t  upon the economy of the  c i t y .  S im i la r ly ,  
n o t  p e rm i t t in g  the  f e e d lo t  to  p o l lu te  the water a t  the d e s ire d  r a t e  
would cause the  fe e d lo t  to  reduce the  number o f  c a t t l e  m aintained in  
th e  f e e d lo t  or to  develop a technology fo r  reducing  the water p o l lu t io n  
caused by the  f e e d lo t .
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Range Management Submodel 
The range management model i s  t e s te d  by performing a rudimentary 
s e n s i t i v i t y  a n a ly s is  on the  de c is io n  theory  p a r t  of the submodel and 
a ls o  by observing the in f lu e n c e  of the range management d e c is ions  
upon a te n -y e a r  s im ula t ion  of the model. The s e n s i t i v i t y  of the d e c i ­
s io n  theory  aspect of the  range management model i s  performed by 
running numerical experiments in  which d i f f e r e n t  co s t  m a tr ice s  and the 
c l im a to logy  m atr ices  a re  used to  determine optim al s t r a t e g i e s .  Five 
d i f f e r e n t  case s tu d ie s  a re  run in  the numerical experim ent, w ith  case 
s tudy  #1 being  the c o n t ro l  case study. Case study #2 shows the e f f e c t  
o f  in c re a s in g  the cos t  of moving the c a t t l e ,  case  study #3 demonstrates 
the  e f f e c t  of in c reas in g  the c o s t  of not moving the  c a t t l e ,  case 
s tu d ie s  r‘4 and #5 i l l u s t r a t e  the  e f f e c t  of changing the c lim atology 
m a tr ix .  The parameter va lues  and the m atr ices  used by the  de c is io n  
theory  p rocess  are  i l l u s t r a t e d  fo r  the d i f f e r e n t  case s tu d ie s  in 
Tables 44 and 45 . The c o s t  m a tr ix ,  clim atology m a tr ix ,  the p ro b a b i l i ty  
m atr ix  p resen ted  fo r  case  study #1 are  used fo r  th e  running v e rs io n  of 
the  t o t a l  ■■.system model. Table 45 shows the optim al d e c is io n  theory 
s t r a t e g i e s  ■ a func t ion  o f  s o i l  m oisture  c a te g o r ie s  fo r  the 5 d i f f e r e n t  
case  s tu d i e s .  The r e s u l t s  fo r  case  study #1 show th a t  fo r  s o i l  le s s  
than 1.25" the optimal s t r a te g y  i s  to move the c a t t l e  while  w ith  s o i l  
m o is tu re  g r e a te r  than 1 .25" the optimal s t r a te g y  i s  to keep the c a t t l e  
in  the same lo c a t io n .  This  means th a t  with  s o i l  m ois ture  g re a te r  than 
1.25 inches  the g rass  f i e l d  g ra ss  i s  l i k e ly  to grow enough g ra ss  to 
provide food fo r  the g raz ing  c a t t l e .  With the s o i l  m oisture  le s s  than 
1.25" t h i s  i s  not l i k e l y .  The de c is io n  to move or not to  move the
T A B L E  A 4
The cost, climatology and probability matrices used in the sensitivity 
analysis of the range management model are presented.^
COST MATRIX CLIMATOLOGY MATRIX PROBABILITY MATRIX 













Soil Moisture for 
the Following Month
1 2 CO3 1 2 3 4 5
1 0 20 .10 .15 .20 .35 .20
2 1 10
S3
.10 ,15 .30 .30 .15
3 15 10 .10 .25 .30 .20 .15
4 20 10 co A .20 .30 .30 .10 .10





















































Soil Moisture for 
the Following Month
1 2 3 4 5
1 .10 .20 .23 .25 .20
2 .10 .15 .25 .25 .25
3 .10 ,25 .25 .25 .15
4 .20 .25 .25 .20 .10





















5 .35 .25 ,15 .15 .10
Decision #1 
Do not move the cattle
Decision #2 
Move the cattle
Categories of Soil Moisture 














^The matrices presented for the control case study are used for the Other c a s e  s t u d i e s  u n l e s s  a n o t h e r  m a t r i x  
is presented in this table.
TABLE A5-
The Average Monthly Change in Soil Moisture from the Beginning of the
Month to the End of the Month
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
+.4 + . 6  + 0 6  +.4 +.4 -o4 - . 8  -. 6 + , 6  +«4 +.4 +.4




(Inc rease  cos t  
of moving)
Case #3 
( Inc rease  cost  
of no t moving)
Case #4 
(Less d iagonal 
c lim ato logy  m atr ix )
Case #5 
(more d iagonal 
c lim ato logy  m atr ix )
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TABLE 46 
Optimal S t ra te g ie s
S o i l  Moisture During 
______ th e  Next Month
1 2 3 4 5
2 2 2 1 1
1 - No Movement of C a t t l e
2 - Move C a t t le
C ategories  of S o i l  M oisture
#1 SM < .5" 
n  . 7 5 > S M > . 5  
#3 1 . 2 5 ^  SM> .75 
#4 2.00 > S M >  1.25 
#5 SM ^ 2.0
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grazing  c a t t l e  i s  made when th e r e  i s  i n s u f f i c i e n t  g rass  for grazing 
in  the  f ie ld  where the c a t t l e  a re  lo c a te d .  A decis ion  to  keep the 
c a t t l e  in the f i e l d  means t h a t  the  g rass  f i e l d  where the  c a t t l e  are 
lo ca ted  i s  ab le  to grow enough g rass  to  support the herd i f  i t  i s  l e f t  
ungrazed for a month, while the  c a t t l e  a re  fed cut g rass  in  a closed 
a re a  w ith in  the  g rass  f i e l d .  A d e c is io n  to  move the c a t t l e  means th a t  
th e  g rass  f i e l d  i s  u n l ik e ly  to  grow s u f f i c i e n t  grass  to  support the 
c a t t l e  and th e re fo re  should be moved. The e f f e c t  of in c reas in g  the 
c o s t  of moving the c a t t l e  i s  s im ula ted  in  case study #2 and the r e s u l t s  
show th a t  the optim al s t r a te g y  i s  to keep the c a t t l e  in  the f i e l d  they 
a re  loca ted  f o r  any s o i l  m o is tu re  c o n d i t io n s .  The optimal s t r a te g y  
in d ic a te s  th a t  i t  co s ts  l e s s  to  keep the c a t t l e  in  the p resen t  graz ing  
f i e l d  and feed them cut g rass  i f  the re  i s  s u f f i c i e n t  g rass  fo r  g raz ing . 
Case study #3 s im ula tes  the e f f e c t  of in c re as in g  the c o s t  of keeping 
the  c a t t l e  in a f i e ld  when th e re  is  i n s u f f i c i e n t  grass fo r  them to e a t .  
The r e s u l t s  show th a t  fo r  a l l  of the s o i l  moisture c a te g o r ie s ,  except 
#4, the optim al s t r a te g y  is  to  move th e  c a t t l e  from the f ie ld  they are  
g ra z in g .  In cases  #4 and #5 th e  c l im a to lo g ie  m atrices a re  changed to  
see  i f  the  optim al s t r a t e g i e s  a re  s e n t i t i v e  t o  v a r ia t io n  of t h i s  m atr ix .  
In  case ’-4 the p r o b a b i l i t y  f o r  th e  s t a t e s  of na ture  is  independent of 
s o i l  m ois tu re , while  in  case #5 the p r o b a b i l i t y  fo r  the s t a t e s  of 
n a tu re  i s  h igh ly  c o r re la te d  to  s o i l  m o is tu re .  The r e s u l t s  show th a t  
fo r  both cases the optim al s t r a t e g i e s  p re d ic te d  by the d ec is ion  theory 
model a re  i d e n t i c a l  with  the optim al s t r a t e g i e s  of the c o n tro l  case 
(case  #1 ) ,  thus in d ic a t in g  t h a t  t h i s  model i s  f a i r l y  in s e n s i t iv e  to 
changes in  the c lim ato logy  m a t r ix .
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The r e s u l t s  of a te n -y e a r  s im u la t ion  of the  t o t a l  ecosystem 
model a re  used to  demonstate the  e f f e c t  of the range management model 
upon the lo c a t io n  of the g raz in g  c a t t l e  herd during the  summer months. 
Table 47 shows the  lo c a t io n  o f  the  g raz ing  herd  during each month of 
the  ten -year  s im u la t io n .  The g raz ing  herd i s  placed on the g raz ing  
f i e l d  in  A p r i l  and a re  then c o n t r o l le d  by the  range management submodel 
u n t i l  the  end of September. The c a t t l e  w i l l  remain on th e  graz ing  
a re a s  from A p r i l  u n t i l  the  end o f  September i f  there  i s  s u f f i c i e n t  
fo ra g e .  At the  end of September th e  c a t t l e  a re  au tom atica l ly  placed 
i n  the  f e e d lo t s .  The range management model has severa l  op tions  th a t  
can be used in  managing the  c a t t l e .  These inc lude ;
1) moving th e  c a t t l e  to  ano ther  f i e l d  when the forage i s  
i n s u f f i c i e n t  in  the  f i e l d  where the c a t t l e  are  lo c a te d ,
2) feeding the c a t t l e  c u t  g ra ss  fo r  a month while the  g rass  
f i e l d  they  a re  lo c a te d  in  grows enough grass  to  support 
them,
3) moving th e  c a t t l e  to  the  f e e d lo t  when there  i s  i n s u f f i c i e n t  
fo rage  to  support the  c a t t l e  in  e i t h e r  of the two grazing  
f i e l d s .
The r e s u l t s  fo r  th e  f i r s t  y ea r  show th a t  the graz ing  c a t t l e  a re  placed 
i n  f i e l d  #3 fo r  A p r i l ,  May and June and are  then t r a n s fe r re d  to  f i e l d  
#4 fo r  the r e s t  o f  the g raz ing  p e r io d .  The t r a n s f e r  of the  c a t t l e  from 
f i e l d  #3 to  f i e ld  (rh i s  i n i t i a t e d  because of the d e p le t io n  of forage 
i n  f i e l d  #3, In year  #2 the  c a t t l e  are  then placed on f i e l d  #3 fo r  
A p r i l  and May and are  then t r a n s f e r r e d  to  the f e e d lo ts .  This premature 
t r a n s f e r  of c a t t l e  to f e e d lo t s  i s  i n i t i a t e d  because both g raz ing  f i e l d s
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TABLE 47 
S ta tu s  of Grazing C a t t l e  Herd
Time on the Range
Y e a r s J a n F e b M a r J u n Ju l Aug O c t Nov D e c
1 2 2 2 3 3 3 , 4 4 4 2 2 2
2 2 2 2 3 3 2 2 2 2 2 2 2
3 2 2 2 3 3 3 4 4,5 4 ,5 2 2 2
4 2 2 2 3 3 3 4 4 4 2 2 2
5 2 2 2 3 3 1 3 3 4 2 2 2
6 2 2 2 4 4 2 2 2 2 2 2 2
7 2 2 2 4 2 2 2 2 2 2 2 2
8 2 2 2 3 3 3 4,5 4 ,5 4,5 2 2 2
9 2 2 2 4 1 4 3 2 2 2 2 2
10 2 2 2 4 4 2 2 2 2 2 2 2
Code
#1 - C a t t l e  a re  fed cu t fo rage  in  the graz ing  area
#2 - C a t t l e  are  placed in th e  f e e d lo t s
#3 -  C a t t l e  are  graz ing  in  f i e l d  #3
#4 - C a t t l e  are  graz ing  in f i e l d  #4
#5 -  No c a t t l e  are  in the f e e d lo t
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did  not have s u f f i c i e n t  fo rage  to  support the c a t t l e .
In  s tudy ing  the  r e s u l t s  of the  range management d e c is io n s  upon 
th e  deployment of the  c a t t l e ,  two predominant p a t te rn s  emerge. P a t te rn  
#1 i s  the lo c a t io n  of the  c a t t l e  in  one f i e l d  fo r  the f i r s t  few months 
and then the t r a n s f e r  o f  the  c a t t l e  to the  o ther  grazing f i e l d  fo r  the 
remainder o f  th e  normal g raz in g  sequence. In P a t te rn  #2 the c a t t l e  are  
placed on a g raz in g  f i e l d  fo r  the  f i r s t  two or th ree  months and are  
then  t r a n s f e r r e d  to  the  f e e d l o t .  The amount of r a in  occurr ing  during 
th e  sp ring  and e a r ly  summer months i s  the dominant f a c to r  in  decid ing  
which of the  two p a t t e r n s  w i l l  occur. A year in which the sp ring  and 
e a r ly  summer r a i n f a l l  i s  above normal w i l l  provide enough s o i l  m oisture  
fo r  s u f f i c i e n t  growth of the  g ra s s  so t h a t  the c a t t l e  w i l l  not run out 
of g rass  du r ing  the  g raz ing  p e r io d .  Below normal r a i n f a l l  in  the sp ring  
and e a r ly  summ.er does not prov ide  the s o i l  m oisture  needed to  grow the  
amount of fo rage  req u ired  by c a t t l e  herd fo r  the complete g raz ing  pe riod . 
In  g e n e ra l ,  the  r a i n f a l l  t h a t  occurs in  A p r i l ,  May and June decides 
which range management p a t t e r n  w i l l  evolve.
